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ABSTRACT
Rhopalosiphum padi virus (RhPV) is a member o f the Dicistroviridae. The genomes of 
these viruses contain two open reading frames, each preceded by distinct internal ribosome 
entry site (IRES) elements. The activity o f the RhPV 5’ IRES element has previously been 
demonstrated in mammalian, insect and plant translation systems. It has also been shown 
that the RhPV 5’ IRES forms 48S initiation complexes in vitro with just the mammalian 
initiation factors eIF2, eIF3 and elFl. It is also possible to delete large regions o f the 5’ IRES 
without affecting initiation complex formation. We have now defined the minimal sequences 
required for directing internal initiation in mammalian, plant and insect translation systems. 
Fragments of around 130 nt from the 3’ portion of the 5’untranslated region (UTR) can 
direct translation in each of these systems. Thus, the 3’ region within the 5’UTR seems to be 
critical for IRES function. Interestingly, this region is mainly unstructured, making the RhPV 
5’IRES unique among viral IRES elements. The RhPV IRES was also compared to the 
5’UTR of the insect iflavirus Kakugo virus (KV). Iflaviruses had been initially classified as 
insect picoma-like viruses alongside the Dicistroviridae. The KV 5’UTR was shown to 
contain an IRES element similar in function to that of RhPV. Since IRES elements have 
been shown to require trans-acting factors (ITAFs) for their activity, in addition to the 
canonical initiation factors, we investigated the interactions of the RhPV IRES with cellular 
proteins of mammalian, plant and insect origin. In our preliminary studies we identified 
proteins with a potential role as ITAFs. The potential advantages of the RhPV IRES in 
biotechnology were assessed in conjunction with a Sindbis virus-based expression system. 
Like the RhPV 5’IRES, this system is able to function in mammalian and insect systems. 
However, our preliminary experiments in mammalian cells were not able to clearly establish 
the advantages of the RhPV 5’IRES in such a system.
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Chapter 1
INTRODUCTION
Eukaryotic messenger RNA (mRNA) translation can be defined as the mechanism 
that decodes the information in the mRNA and gives rise to the final products, the 
proteins, needed by the cell. It is divided into three phases: initiation, elongation and 
termination. Since the aim o f this project is to investigate a particular mechanism o f 
translation initiation, mediated by an Internal Ribosome Entry Site (IRES) element in 
the Rhopalosiphiim padi virus (RhPV) RNA, this summary will focus on the first 
phase of the translation process.
INITIATION OF TRANSLATION
1.1 Assembly of the 43S preinitiation complex
In eukaryotes and prokaryotes, decoding of the genetic information in the mRNA and 
the formation o f peptide bonds are performed by the ribosome (reviewed in Taylor et 
al., 2007). However, although the ribosome is the core o f these processes, other 
factors are necessary for translation and its control (Figure 1.1; Table 1.1). Indeed, 
the first step in the initiation o f translation is the assembly o f a 43 S preinitiation 
complex, formed by the 40S ribosomal subunit, also called the small ribosomal 
subunit, and eukaryotic initiation factors (elFs).
1
4G
4 E ®  4A
elF4F
elF4B
STOP
1 a a a a a a a a a
0  elF3 
O  elF1A 
O elF1
elF2-GTP-Met-tRNA
Ternary complex
Scanning
Figure 1.1 Pathw ay for the form ation of the 80S complex in cap-dependent 
translation. The 40S subunit binds to elF l, 1A, 3 and the ternary complex (TC) to 
form the 43S complex. The 43S complex binds mRNA at the 5’ cap structure, 
involving the initiation factors eIF4F and eIF4B, and scans along the RNA until it 
reaches the initiator AUG codon. At the start site, GTP is hydrolysed to GDP, 
initiation factors are released and the 60S subunit joins. This produces a functional 
80S ribosome positioned at the initiation codon, which is able to translate the mRNA 
(adapted from Pestova et al., 2007).
2
Name Subunits Mass (kD) Functions
elF l 1 12.7 Scanning; fidelity o f  AUG recognition
elF lA 1 16.4 Facilitates Met-tRNA; binding to 40S subunit
eIF2 3 a  36.1; p 38.4; 
y 51.1.
Met-tRNA; binding to 40S subunit; GTPase 
activity; AUG recognition
eIF2A 1 65 Met-tRNA; delivery in absence o f  eIF2
eIF2B
5
a  33.7; p 39; 
y 50.2; 8 59.7; e 
80.3.
Guanine-nucleotide exchange factor for 
eIF2
eIF3
13
a 166.5; b 92.5; c 
105.3; d 64.1; e 
52.2; f3 7 .5 ;g  35.7; 
h 40.0; i 36.5; j 
29.0; k 25.0; 166.7; 
m 42.6
Promotes Met-tRNA; and mRNA binding to 
40S subunit; block association o f  40S 
subunit with 60S subunit
eIF4A (I, II) 1 46 DEAD-box helicase
eIF4B 1 69.3 Stimulation o f eIF4A helicase activity
eIF4E 1 24.7 Binding to the cap structure
eIF4G (I, II) 1 175 Binding to eIF4E, 4A, 3, PABP-RNA
eIF5 1 49.2 AUG recognition; stimulation o f eIF2 GTPase activity
eIF5B 1 138.9 Subunit joining
PABP 1 70.7 Circularisation o f  mRNA
Table 1.1 Mammalian translation initiation factors (elFs). Mass, subunit 
composition and the main functions o f the principal elFs involved in cap-dependent 
translation. Adapted from Pestova et al. (2007) and references therein.
3
1.1.1 Ternary complex formation
The ternary complex (TC) is composed o f eukaryotic initiation factor 2 (eIF2), GTP 
and the initiator tRNA (Met-tRNAjMet; Figure 1.1). eIF2 is a heterotrimer comprising 
a large y subunit and two smaller a  and (3 subunits. Through the y subunit, eIF2 binds 
to the other components o f the TC, GTP and Met-tRNAj (reviewed in Pestova et al., 
2007). The affinity of eIF2 for the initiator tRNA is strictly dependent on the presence 
o f GTP. In fact, GTP-bound eIF2 has high affinity for the initiator tRNA, therefore it 
facilitates the formation o f a translationally competent eIF2-Met-tRNAj complex. On 
the other hand, conversion o f GTP into GDP results in low affinity o f eIF2 for Met- 
tRNAi, and occurs when the initiator tRNA has to be released into the ribosome 
positioned at the initiation codon, in a reaction induced by eIF5 (Chakrabarti and 
Maitra, 1991). After every round o f initiation, eIF2 is left in a conformation with low 
affinity for Met-tRNAj, therefore it has to cycle between an inactive GDP-bound 
conformation to an active GTP-bound translationally competent form. The recycling 
o f eIF2-GDP to eIF2-GTP is catalysed by the guanine nucleotide exchange factor, 
eIF2B (Alone and Dever, 2006; reviewed in Pestova et al., 2007).
1.1.2 43S complex formation
The TC binds to the 40S ribosomal subunit forming a 43S complex. The initiation 
factors e lF l, elFlA , eIF3 and eIF5 cooperatively promote this binding, interacting 
with each other and directly with eIF2 and the 40S ribosomal subunit (Figure 1.1; 
reviewed in Pestova et al., 2007).
1.2 Recruitment of the 43S preinitiation complex onto the mRNA
In the majority o f cases the translational machinery is recruited at the free 5 ’ end o f
4
the mRNA. The 5’ end o f the vast majority o f mRNAs contains a stmcture called a 
“cap” that results from removal o f one phosphate from the 5’ end o f the mRNA, 
addition o f a guanosine monophosphate in a reverse linkage (5’ to 5 ’) and addition of 
a methyl group to the guanosine (reviewed in Shatkin and Manley, 2000). The m7 G 
aromatic ring o f the cap stmcture is accommodated in a binding pocket within the 
eIF4E stmcture. Therefore, eIF4E is called the “cap-binding factor” . eIF4E binds to a 
site within the N-terminal one-third o f eIF4G, which in turn binds to eIF3 through its 
central domain. Therefore, eIF4G acts as a protein bridge between the cap stmcture 
via its interaction with eIF4E, and the 43 S preinitiaiton complex, via its interaction 
with eIF3 (Figure 1.2). In addition to the binding sites for eIF3 and eIF4E, eIF4G 
contains two binding sites for eIF4A. This factor is an ATP-dependent RNA helicase 
(reviewed in Cordin et al., 2006). Together the initiation factors eIF4E, eIF4G and 
eIF4A constitute the eIF4F complex. This complex is thought to assemble first and 
then bind to the cap stmcture, via the eIF4E subunit. Subsequently, eIF4A unwinds 
the mRNA to prepare a “landing pad” for recmitment o f the 43 S preinitiation 
complex by eIF4G (reviewed in Pestova et al., 2007).
In mammals two isoforms o f eIF4G (I and II) have been identified. They share an 
overall similarity of 56% and are both able to bind eIF4E, eIF4A and eIF3 (Gradi et 
al., 1998a). Since in mammalian cells eIF4GI is much more abundant than eIF4GII, it 
has received much more attention. In this thesis, I will refer to eIF4GI as simply 
eIF4G.
eIF4G also interacts with a protein that binds to the poly(A) tail o f the mRNA, the 
poly(A) binding protein (PABP) (Figure 1.2; reviewed in Prevot et al., 2003). As a 
result o f this interaction, the mRNA is believed to circularise. Circularisation is 
thought to enhance translational efficiency because it brings into proximity the sites o f
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initiation o f translation (the 5’ cap) and o f termination (the 3’ poly(A) tail), thus 
creating a situation favourable for the ribosomes that have reached the end o f the 
mRNA to initiate another round of translation (reviewed in Kean, 2003).
1.3 Ribosomal scanning on the mRNA
Once the 43 S preinitiation complex has been loaded onto the mRNA, it has to reach 
the initiation codon. Most mRNAs contain a 50-70 nt untranslated region (UTR) 
between the 5’ cap structure and the AUG initiation codon (reviewed in Hershey and 
Merrick, 2000). It is accepted that the 40S subunit, carrying the Met-tRNAj and a set 
o f elFs, scans along the UTR until it reaches the start site (Kozak, 1978). Although 
this process is referred to as “ribosomal scanning”, it involves not only ribosomal 
translocation, but also conformational changes in the initiation factors, unwinding of 
secondary structures in the mRNA and selection o f the initiation codon. 
Unfortunately, although scanning is the most plausible mechanism to reach an internal 
AUG, the mechanics o f this process are yet to be elucidated (Merrick, 2004). The first 
issue regards the identity o f the factor/complex responsible for scanning. In other 
words, what possesses the intrinsic ability o f propelling the initiation complex from 
the 5’ end o f the UTR to the initiation codon? How much is this process dependent on 
the presence and hydrolysis of ATP? It has been shown that the 43 S preinitation 
complex in the presence of the initiation factors e lF l, 1A, 3 and the ternary complex, 
is capable o f scanning through an unstructured UTR (Pestova and Kolupaeva, 2002). 
However, the presence of even only weak secondary structures requires ATP 
hydrolysis and the eIF4-factors (Pestova and Kolupaeva, 2002). Therefore, it appears 
that at least for a structured UTR, scanning is ATP and eIF4-dependent. The eIF4A 
subunit o f eIF4F is an ATP-dependent RNA helicase, therefore it seems to be the
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ideal candidate as the “motor” o f scanning. However, recent structural data position it 
with eIF4G at the back of the 40S subunit, and this would result in a “pulling” force 
on the mRNA through the binding cleft o f the small ribosomal subunit (Siridechadilok 
et al., 2005). This raises the question o f “what is moving what”? In other words, is 
there a propelling force that moves the ribosome along the UTR, as originally 
proposed, or is there a pulling force that feeds the RNA through a “static” 
translational machinery? The two are not mutually exclusive. A pulling force from the 
back of the ribosome could coexist with an unwinding action at the front, but this 
suggests the latter force is operated not by eIF4A, but by the 40S subunit itself, 
possibly aided by elF l and/or 1A (Takyar et al., 2005). Indeed, in an in vitro 
reconstituted translation system, the lack of elF l resulted in formation o f aberrant 
complexes near the 5’ end o f the mRNA (Pestova et al., 1998). It is thought that elFl 
keeps the initiation complex in a scanning-competent conformation and inhibits eIF5 
induction o f GTP hydrolysis (Pestova and Kolupaeva, 2002; Maag et al., 2005). It 
also interesting to note that in yeast the helicase activity o f  eIF4A is less effective 
than that o f other helicases (i.e. Ded 1) and is saturated before a stemloop of 25 nt is 
unwound (Marsden et al., 2006). Therefore, it is possible that the eIF4A unwinding 
force is not sufficient to act as the only “motor” of scanning and that an unwinding 
action at the front of the ribosome, mediated by the 40S subunit or another helicase 
(e.g. D edl), might be needed (Berthelot et al., 2004).
Ribosomal scanning stops when an AUG is recognised as the initiation site. 
Therefore, other interesting questions about the mechanism o f scanning regard its 
“braking system”, i.e. how the correct initiation codon is selected and the wrong ones 
are rejected, and what the signal is that stops the propelling/pulling action o f the 
scanning motor.
1.3.1 Recognition of the initiation codon
As mentioned above, e lF l is believed to lock the initiation complex in a scanning- 
competent conformation. More precisely, it has been proposed that a scanning 43 S 
complex switches continuously between an open and a closed conformation. The open 
one favours scanning, while the closed one inhibits it. Therefore, the open 
conformation would allow progression along the UTR, while the closed conformation 
would allow the initiator tRNA anti-codon to form hydrogen bonds with an AUG 
codon (Pestova and Hellen, 2000; Pestova and Kolupaeva, 2002; Maag et al., 2006). 
The initiation factors 1A and 5 promote the open conformation, although it is not 
clear if  they act as inducers o f the open conformation or as inhibitors o f the closed one 
(Maag et al., 2006). The presence o f elF l inhibits the closed conformation and 
therefore promotes scanning. It is worth noting that the N-terminal domain o f e lF l is 
similar to that o f eIF5, suggesting that elF l competes with eIF5 for interaction with 
eIF2, therefore this inhibition must be relieved in order to have eIF5-induced GTP 
hydrolysis (Conte et al., 2006). The presence o f an AUG in the P site o f the 40S 
subunit results in an interaction between elF lA  and eIF5 that pauses the initiation 
complex in the closed conformation. This stop triggers elF l release from the complex, 
which not only removes a scanning-promoting factor, but also relieves eIF5 o f the 
negative inhibition (Unbehaun et al., 2004). eIF5 therefore induces GTP hydrolysis on 
the y subunit o f eIF2, which delivers the initiator Met-tRNA in the P site o f the 40S 
ribosomal subunit (Algire and Lorsch, 2006; reviewed in Pestova et al., 2007). Since 
GTP hydrolysis is irreversible, this step represents the final commitment o f the 
translational machinery to the generation o f the protein.
Although it is the recognition o f an AUG codon that triggers the irreversible 
commitment step o f translation initiation, the context in which the initiation codon is
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found is also important (Kozak, 1989, 1991). Indeed, where the A of the initiating 
codon is in position +1, the presence o f a G at the +4 and -3 positions is thought to 
stabilise the initiation complex by interacting specifically with 18S rRNA and 
eIF2a (Pisarev et al., 2006). However, it has also been suggested that the importance 
o f the G at the +4 position is explained by the need for a G as the first nucleotide of a 
coding triplet for alanine or glycine, instead o f directly interacting with the 
translational machinery (Xia, 2007).
1.4 Ribosomal subunit joining
The complex formed by the 40S subunit and the initiation factors positioned at the 
AUG codon is referred to as the 48S complex. In this complex, the elFs 1, 1A, 2 and 3 
occupy the interface surface o f the 40S ribosomal subunit. Therefore, their presence 
inhibits the formation o f inter-subunit bridges to assemble the 80S ribosome (Spahn et 
al., 2001). eIF5-induced hydrolysis o f eIF2-bound GTP and release o f Pj causes the 
release of eIF2 from the complex. The other initiation factors are displaced by a 
combined action o f eIF5B and the joining of the 60S ribosomal subunit (reviewed in 
Pestova et al., 2007).
1.5 Elongation and termination of translation
The empty A site of the ribosome can be occupied by an aminoacyl tRNA (aa-tRNA), 
in the form of a ternary complex with elongation factor 1A (eEFlA) and GTP. The 
selection of the correct tRNA is initially mediated by codon-anticodon base-pairing 
between the mRNA and the aa-tRNA. Correct base-pairing results in conformational 
changes in the small ribosomal subunit that triggers GTP hydrolysis by eEFl A. GTP 
hydrolysis in turn causes dissociation o f the aa-tRNA from the ternary complex. The
10
ribosomal peptidyl transferase centre then catalyses the formation of a peptide bond 
between the amino acid in the A site with that in the P site. The deacylated tRNA is 
then released in the exit site and will be released from the ribosome as a consequence 
of conformational changes triggered by the presence o f a new aa-tRNA in the A site 
(reviewed in Kapp and Lorsch, 2004). When a stop codon (UAA, UAG, UGA) 
occupies the ribosomal A site, the eukaryotic release factor (eRFl), complexed with 
GTP, enters the ribosome and promotes hydrolysis of the peptidyl ester bond o f the 
last tRNA, release o f the newly synthesized polypeptide and o f the deacylated tRNA, 
and ribosome dissociation from the mRNA (reviewed in Kapp and Lorsch, 2004).
1.6 Translational control at the initiation step
The regulation o f gene expression is an essential mechanism for the control of 
important cellular events, including cell growth, differentiation, development and 
apoptosis. Control at the level o f translation enables rapid and reversible changes in 
protein synthesis to occur, without the need for a nuclear step (i.e. transcription). 
Translational control occurs at different levels, but o f the three phases o f translation, 
the initiation step is the most tightly regulated.
1.6.1 eIF4E-binding proteins
The initiation factor eIF4E is responsible for connecting the mRNA and the 40S 
ribosomal subunit by binding to the cap structure and eIF4G. eIF4E represents a target 
for regulation o f translation.
eIF4E possesses a phosphorylation site at Ser209- The kinase responsible for eIF4E 
phosphorylation, MAP-kinase interacting kinase 1 (Mnk-1), also binds to eIF4G. 
Therefore, it brings the kinase and its substrate into close proximity (Pyronnet et al.,
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1999). eIF4E phosphorylation increases the rate o f protein synthesis (reviewed in 
Gingras et al., 1999a).
However, the main way in which eIF4E is controlled is through a class o f regulatory 
proteins called the eIF4E-binding proteins (4E-BPs). In mammals there are three 
isoforms, 4E-BP1, 4E-BP2 and 4E-BP3, with 4E-BP1 being the most studied (Lin et 
al., 1994; Pause et al., 1994). The isoforms share a conserved binding domain for 
eIF4E with a consensus sequence YXXXXLO, where Y is a tyrosine, X is a variable, 
L is a leucine and O is a hydrophobic amino acid (Marcotrigiano et al., 1999). 4E-BPs 
compete with eIF4G for the same binding site on eIF4E. Therefore, the presence of 
bound 4E-BPs prevents the interaction o f eIF4E with eIF4G, inhibiting cap-dependent 
translation initiation (reviewed in Gingras et al., 1999a). The affinity o f 4E-BPs for 
eIF4E is regulated by phosphorylation; hypophosphorylated 4E-BPs show high 
affinity for eIF4E, while the hyperphosphorylated forms o f 4E-BPs have little affinity 
(Gingras et al., 1999b). Induction o f phosphorylation o f 4E-BPs has been observed in 
vitro when cells were treated with hormones, growth factors and nutrients (reviewed 
in Gingras et al., 1999a). Therefore, translation inhibition via 4E-BPs is prevented 
when the cells are stimulated to grow. Conversely, situations o f cellular stress, like 
viral infection, nutrient deprivation and apoptosis induce dephosphorylation o f 4E- 
BPs, which sequester eIF4E and thus inhibit cap-dependent translation (reviewed in 
Morley et al., 2005; Proud, 2005; reviewed in Raught and Gingras, 2007). However, 
during infection o f cells with picomaviruses such as encephalomyocarditis virus 
(EMCV) and poliovirus (PV), the viral mRNA is translated despite 4E-BP 
dephosphorylation. This is possible because initiation o f translation on picomavirus 
mRNA, through the use o f an internal ribosome entry site element, does not require 
eIF4E. Therefore, sequestration o f eIF4E by 4E-BPs does not inhibit picomavirus
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translation (Section 1.11; reviewed in Bushell and Samow, 2002).
1.6.2 eIF2a phosphorylation
eIF2 is part o f the ternary complex responsible for loading the initiator Met-tRNA 
onto the 40S ribosomal subunit. Release o f eIF2-bound Met-tRNA; is triggered by 
GTP hydrolysis. Therefore, after every round o f translation eIF2 has to be recharged 
with GTP in a reaction mediated by the GDP-GTP exchange factor eIF2B. eIF2 is 
formed o f three subunits (a , p and y) and it is mainly on the a  subunit that 
translational control occurs. Phosphorylation o f the a  subunit (Sersi) turns eIF2 from 
a substrate into a competitive inhibitor of eIF2B. This prevents eIF2B-bound eIF2 
from engaging in translation, and, more importantly, sequesters eIF2B, thus 
preventing it from acting as the GDP-GTP exchange factor. Therefore, 
phosphorylation o f eIF2a results in inhibition o f translation (reviewed in Dever et al., 
2007). Different stimuli can trigger eIF2a phosphorylation via distinct kinases. For 
example, protein kinase R (PKR) is activated by viral dsRNA. In this case, PKR- 
mediated eIF2a phosphorylation results in inhibition o f translation as a defence 
mechanism against the viral infection (reviewed in Dever et al., 2007).
1.6.4 eIF4G cleavage
The initiation factor eIF4G is part of the eIF4F complex and is responsible for 
bridging together the mRNA, by binding to the cap-binding factor eIF4E, and the 40S 
subunit, via its interaction with eIF3. Therefore, the function o f eIF4G is strictly 
related to its ability to bind different components o f the translational apparatus 
through distinct domains. In particular, the eIF4E binding site is found in the N- 
terminal one-third o f eIF4G, while the eIF3-binding site is located in the C-terminal
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domain (reviewed in Gingras et al., 1999a; reviewed in Prevot et al., 2003). 
Therefore, cleavage o f eIF4G, resulting in separation of the eIF4E-binding domain 
from the eIF3-binding site, would be a mechanism o f inhibiting translation initiation, 
by preventing the formation o f the cap-eIF4E-eIF4G-eIF3-40S complex. Indeed, 
proteolysis o f eIF4G by caspase 3 during apoptosis contributes to the shut-off of 
protein synthesis (Morley, 2001; Figure 1.2). Similarly, host cell translation 
inhibition via eIF4G cleavage is mediated by viral-encoded proteases in HIV and 
picomavirus infections (Section 1.11.2; Figure 1.2; Ventoso et al., 2001; reviewed in 
Prevot et al., 2003; Lloyd, 2006).
Phosphorylation of eIF4G has also been reported to regulate eIF4G activity by 
enhancing its affinity for the eIF4F complex. However, the phosphorylation site and 
the mechanism are still unclear (Morley et al., 1997).
1.7 Alternative methods of translation initiation
Although on most eukaryotic mRNAs the cap-dependent mechanism described above 
is used for translation, there are some exceptions. The main examples o f these 
alternative mechanisms are reinitiation and internal initiation. The two mechanisms 
differ in the origin of the ribosomes used in translation; in reinitiation the same 
ribosomes that have translated an upstream ORF (uORF) via the canonical initiation 
process continue to scan and reinitiate translation at a downstream AUG codon. In 
Internal Ribosome Entry Site (IRES)-mediated initiation, the translation o f a cistron is 
5 ’end-independent and the ribosomes are recmited internally to the mRNA, at or 
close to the initiation site.
Another alternative mechanism o f translation initiation involves the process of 
initiation codon selection. In this case, one molecule o f mRNA directs the synthesis of
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two different proteins, since multiple AUGs can be chosen as the start codon. In this 
scenario, a scanning 43 S complex misses the first AUG(s) on the mRNA, in a process 
called leaky scanning, and initiates downstream.
Another two mechanisms of alternative initiation involve some sort o f repositioning 
o f the ribosome. In ribosome shunting the scanning ribosome is believed to jum p a 
large region o f the UTR and relocate itself closer to the initiation codon. In ribosome 
frameshifting, a translating ribosome slips forward or backward 1 nt, resulting in 
synthesis of a single fusion protein from two or more overlapping ORFs.
1.7.1 Reinitiation
1.7.1.1 Reinitiation after a long uORF
In eukaryotic reinitiation the length o f the uORFs can vary, but they are generally 
shorter than 20 amino acid residues or are much longer (reviewed in Jackson et al., 
2007). In the case o f a long uORF (200-5000 nt) the best characterised example is 
found in the subgenomic RNA (sgRNA) o f caliciviruses. This RNA encodes two 
ORFs (ORF1 and ORF2), which overlap by 1 to 8  nucleotides (Herbert et al, 1996). It 
has been reported that translation o f the two ORFs occurs via a termination- 
reinitiation mechanism, in which initiation at the ORF2 AUG occurs only after ORF1 
translation has taken place and is dependent on this event (Meyers, 2003). Mutational 
analysis revealed that an 84 nt sequence at the 3 ’ end of ORF1 is required as a e x ­
acting RNA element, independent o f the amino acids it encodes (Meyers, 2003). 
Interestingly, this RNA sequence is able to bind eIF3 (Korneeva et al., 2000). More 
recently, further mutational analysis showed more precisely that a region o f 69 nt at 
the 3’ end o f ORF1 contains two motifs that are required for translation o f the 
downstream ORF2. One sequence was found to be highly conserved and
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complementary to a sequence within the 18S rRNA. This motif is believed to be 
responsible for the termination/reinitiation events (Luttermann and Meyers, 2007). 
Interaction with eIF3 has also been shown to occur in termination-reinitiation on the 
cauliflower mosaic virus RNA. In this case it appears that a virally-encoded protein 
acts as a trans-acting factor that stabilizes the interaction of eIF3 with the 40S 
ribosomal subunit, therefore facilitating reinitiation (Ryabova et al., 2004). The only 
non-viral example o f reinitiation after translation of a long ORF is the murine 
glutamic acid decarboxylase 67 mRNA (Szabo et al., 1994).
1.7.1.2 Reinitiation after a short uORF
In contrast to the viral examples, reinitiation on eukaryotic mRNAs tends to occur 
after translation o f short uORFs (reviewed in Jackson et al., 2007). In the case o f yeast 
GCN4 mRNA, it has been shown that the sequence downstream o f ORF4 influences 
resumption o f scanning, being permissive if  it is highly A/U rich (Grant and 
Hinnebush, 1994). However, what may be crucial for reinitiation in higher eukaryotes 
is the intriguing concept o f “time o f translation”. More specifically, the duration o f 
the interactions between the ribosome and the initiation factors could go beyond the 
spatial-time restrictions o f the initiation steps. The current canonical initiation 
pathway suggests that all the elFs are released during the ribosomal subunit joining 
step (reviewed in Pestova et al., 2007). This is in part due to the position that some 
elFs (e.g. e lF l and 1A) occupy in the interface surface o f the 40S subunit and in part 
it is due to the fact the translating ribosomes have been shown to lack all the initiation 
factors. However, ribosomes could remain initiation-competent for a short while after 
initiation and even termination o f translation, provided that release o f some elFs 
occurs after subunit joining and that termination occurs before this event. If  e lF l and
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1 A have to be granted the highest priority to be displaced in order for elongation to 
occur, eIF3 and eIF4G could maintain their position at the back o f the ribosome 
without impeding elongation, therefore having a later “displacement priority” . This 
would open up a time window in which the elongating-terminating ribosome that is 
still carrying the 40S-eIF3-eIF4G complex would be able to perform another initiation 
event. Therefore, a short uORF whose translation time is shorter or equal to the time 
window described above, would allow translation of a downstream ORF (reviewed in 
Jackson et al., 2007).
An interesting aspect o f every case o f reinitiation, independent o f the length o f the 
uORF, is the fact that the 40S-eIF3-eIF4G complex scans in the absence o f a ternary 
complex bound to it. The presence of Met-tRNAj is necessary for AUG recognition, 
therefore it has to be acquired during the scanning process. This means that if  the 
concentration o f the ternary complex is decreased, as it is during phosphorylation o f 
eIF2a, the 40S-eIF3-eIF4G complex has to travel a longer time to have the same 
probability of acquiring a ternary complex. Being time and space related, this could 
result in a longer uORF/intergenic region that allows reinitiation (reviewed in Jackson 
et al., 2007).
1.7.2 Internal ribosome entry site (IRES)-mediated initiation of translation
Internal ribosome entry site (IRES) elements are RNA elements that direct ribosome 
entry at an internal site on the mRNA. The mRNAs translated via this mechanism are 
usually uncapped, have long 5 ’UTRs with complex secondary structures and multiple 
AUG codons. All these features are inhibitory to the cap-dependent scanning 
mechanism o f translation initiation (reviewed in Belsham and Jackson, 2000). So far, 
a large number o f mRNAs of viral origin and some cellular mRNAs have been shorn
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to have an IRES element in their 5’UTRs. IRES elements are the subject o f this thesis 
and are discussed in detail in the sections below (Section 1.8 onwards).
1.7.3 Leaky scanning
Although recognition o f the initiation codon is mainly due to its complementarity with 
the anticodon on the initiator Met-tRNA, other factors are involved. The context o f 
the AUG is one o f them (Kozak, 1989). The optimal sequence is o f the form 
GCC(A/G)CCAUGG, in which the most important positions are -3 and +4, where +1 
is the A o f the AUG (underlined), (Kozak, 1989, 2002). A different and less 
favourable context results in the 43 S complex bypassing the AUG. In this case, the 
scanning process is referred to as “leaky”, and initiation occurs at a downstream 
AUG.
Another factor that influences initiation codon selection is its distance from the 5 ’ 
end. This distance is usually 50-70 nt. I f  it is artificially decreased, for example to 12 
nt, ribosomes tend to bypass the first AUG and initiate at one further downstream 
(Kozak, 1991).
Leaky scanning allows the synthesis o f more than one protein from a single mRNA 
molecule. The resulting proteins differ in their N-terminal regions if  the AUGs are in 
frame. Conversely, AUGs in different frames allow synthesis o f completely distinct 
proteins. Therefore, leaky scanning can be seen as a successful attempt to economize 
on coding space, as in the context of viral RNA (reviewed in Ryabova et al., 2006), or 
as a mechanism o f translational control in eukaryotic mRNAs. In this case, bypassing 
the upstream AUG negatively regulates the amount o f protein synthesis at this site, 
while the favourable context of the downstream AUG results in an abundance o f the 
downstream isoform/distinct protein.
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1.7.4 Ribosome shunting
In ribosome shunting the scanning ribosome is believed to skip a region o f the mRNA 
hundreds o f nt long and relocate itself at a downstream site. On the adenovirus late 
mRNAs the ribosome jumps a large sequence of the 5’UTR and then resumes 
scanning until it encounters the initiation codon (Yueh and Schneider, 1996). In the 
case o f the cauliflower mosaic virus, the translating ribosome skips a large region o f 
the mRNA and reinitiates at the next AUG codon (Futterer et al., 1993).
1.7.5 Ribosome frameshifting
In ribosomal frameshifting the ribosome slips forwards or backwards 1 nucleotide. 
Although ribosomal frameshifting can occur in both the +1 and -1  directions, it is 
thought that two structurally and mechanistically different processes are involved. 
Retroviruses use ribosomal frameshifting in the -1  direction to synthesise the 
precursor of the reverse transcriptase (Jacks and Varmus, 1985; Jacks et al., 1988a,b).
1.8 Internal initiation on picomavirus mRNA
1.8.1 Picornaviruses
The animal picornaviruses represent a large family o f mammalian viruses. The family 
is divided into nine genera: Enterovirus, Rhinovirus, Cardiovirus, Aphthovirus, 
Hepatovirus, Parechovirus, Erbovirus, Kobuvirus and Teschovirus (King et al., 2000). 
The enteroviruses infect through the enteric tract o f the host and they include 
polio virus (PV). The rhino viruses include the aetiological agent of the common cold, 
Human Rhinovirus (HRV). The cardioviruses are represented by the 
encephalomyocarditis virus (EMCV), which infects a wide range o f mammals, 
including humans and mice. The aphthovirus genus includes the foot-and-mouth
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disease virus (FMDV), which infects a large range o f cloven-hoofed animals. The 
Hepatovirus genus includes hepatitis A virus (HAV), which infects humans, and avian 
encephalomyelitis virus (AEV; Rueckert, 1996; Marvil et al., 1999). An additional 
genus with the provisional name o f Sapelovirus has been proposed for certain simian 
viruses and a porcine enterovirus (N. Knowles, personal communication).
Despite the variety o f diseases they cause and the wide range o f target tissues, the 
picornaviruses share similarities in structure and genetic information. They are non­
enveloped viruses, whose genome consists o f one molecule o f single-stranded 
positive sense RNA, approximately 8000 nt long. A genome linked-protein is present 
at the 5’ end o f the genome and a poly(A) tail at the 3 ’ end (reviewed in Belsham and 
Jackson, 2000). The genome encodes a single ORF flanked by two UTRs. The ORF is 
translated into a polyprotein and is then processed by viral proteases to yield 1 1  to 1 2  
proteins (Jackson and Kaminski, 1995). The structural proteins are encoded in the 5 ’ 
end of the genome, and the non-structural proteins in the 3 ’ end (Figure 1.3).
1.8.2 Shut off of host cell translation
Picornaviruses, like all viruses, are totally dependent on the host cell translational 
machinery. This implies that viral mRNAs compete with cellular mRNAs for 
ribosomes and the initiation factors. The picomavirus strategy is to inhibit cellular 
mRNA translation by impairing the translational apparatus, and at the same time 
adopting an alternative mechanism o f translation that is insensitive to those 
modifications. Among the picornaviruses, two main mechanisms o f host cell 
translation shut o ff have been described, cleavage o f eIF4G and phosphorylation o f 
4E-BP1. On the other hand, all the picornaviruses studied so far have adopted the 
same “escape” mechanism by translating their ORF via an IRES element in the
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5 ’ UTR of the genome. HAV represents an exception because, although it possesses 
an IRES element, it does not induce shut off o f the host cell translation (reviewed in 
Belsham and Jackson, 2000).
In the case o f PV, inhibition o f host cell translation is achieved through the cleavage 
o f  both isoforms o f eIF4G, mediated by viral-encoded proteases (Krausslich et al., 
1987; Kuyumcu-Martinez et al., 2004; reviewed in Lloyd, 2006). This results in 
separation of the eIF4E-binding domain from the eIF3-binding site, therefore 
preventing the formation o f  the eIF4E-eIF4G-eIF3-40S complex. However, the sites 
o f cleavage are distinct depending on the virus. PV 2A protease cleaves at position aa 
641 (Figure 1.2; Lamphear et al., 1993). The aphthovirus FMDV encodes a protease 
(L) that cleaves eIF4G in the same region as PV 2A, at position aa 634 (Figure 1.2; 
Kirchweger et al., 1994). Picomavirus proteases also cleave other translation 
initiation factors. PV 2A and 3C cleave PABP1 (Joachims et al., 1999; Karekatte et 
al., 1999), while the FMDV 3C protease cleaves eIF4A (Belsham et al., 2000).
EMCV, and to some extent PV, inhibit host cell translation by inducing 
dephosphorylation o f the 4E-BPs. The hypophosphorylated form o f 4E-BPs bind with 
high affinity to eIF4E, sequestrating it and inhibiting cap-dependent translation 
(Gingras et al., 1996 and 1999b; Section 1.6.1).
1.9 Internal initiation of translation on picomavirus mRNA
Picomavims infection results in the selective shutoff o f cellular cap-dependent 
translation, while viral translation is not affected (reviewed in Belsham and Jackson, 
2000; Samow, 1989). This suggested that the viral mRNAs adopt a different 
mechanism o f translation. Analysis of the 5 ’UTR of picomavims mRNAs supported 
this hypothesis. Picomavims RNA is uncapped, possesses a long 5’UTR (600 to 1200
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nt) which contains multiple AUG codons, and the 5’UTR is predicted to fold into 
complex secondary structures (reviewed in Belsham and Jackson, 2000). These 
features are inhibitory to the scanning mechanism described earlier, in which the 
ribosome enters the mRNA at its free 5’ end and scans to reach the initiation codon. 
Identification o f an alternative mechanism o f translation initiation came from studies 
o f the picomavirus 5’UTRs in a dicistronic mRNA context. In this system the 5 ’UTR 
was cloned between two reporter cistrons under the control of the same promoter. 
Transcription of this construct results in a single molecule o f mRNA that carries two 
ORFs. Translation o f the upstream cistron occurs via cap-dependent initiation of 
translation, while translation o f the downstream cistron occurs only if  the 5’UTR in 
the intercistronic space is able to recmit an initiation complex (Figure 1.4). In this 
way the 5’ UTRs o f PV and EMCV were shown to direct translation in a 5 ’end- 
independent manner, and the RNA element responsible for this was called an Internal 
Ribosome Entry Site (IRES) element (Jang et al., 1988; Pelletier and Sonenberg, 
1988). The dicistronic mRNA method has since been adopted as the classical assay 
for IRES activity. Additional proof o f IRES function was achieved by inserting an 
IRES element into a circular mRNA (Chen and Samow, 1995). The lack o f any 5’ and 
3’ ends on the circular mRNA inhibited canonical translation, but allowed IRES- 
mediated translation, suggesting that the IRES mechanism does not require the 
presence o f a free 5’ end. Although internal initiation is common to the members o f 
the Picornaviridae family, their IRES elements differ in their sequences, secondary 
structures and in vitro activities. Therefore, they are grouped into four classes (Chard 
et al., 2006; reviewed in Jang, 2006).
23
D
ic
is
tro
ni
c 
co
ns
tru
ct
s 
Le
ve
l 
of 
ex
pr
es
sio
n 
of 
ea
ch
 
ci
st
ro
n
24
it 
is 
in
se
rte
d 
be
tw
ee
n 
tw
o 
re
po
rte
r 
ci
str
on
s 
wi
th
in
 
a 
di
ci
str
on
ic
 
co
ns
tru
ct
 a
nd
 
the
n 
tes
ted
 
in 
in 
vit
ro 
and
 
in 
viv
o 
tra
ns
la
tio
n 
sy
ste
m
s. 
A)
 I
f 
the
 
RN
A 
se
qu
en
ce
 
do
es
 
no
t 
co
nt
ain
 
an 
IR
ES
, 
the
 
ex
pr
es
sio
n 
of 
the
 
se
co
nd
 
cis
tro
n 
is 
po
or
 a
nd
 
is 
du
e 
on
ly 
to
 
re
-in
iti
at
io
n 
or 
re
ad
-th
ro
ug
h 
of 
the
 
rib
os
om
e.
 
B)
 
If 
the
 
se
qu
en
ce
 
co
nt
ai
ns
 
an 
IR
ES
, 
ef
fic
ie
nt
 
tra
ns
la
tio
n 
of 
the
 
se
co
nd
 
cis
tro
n 
oc
cu
rs
.
1.9.1 Type I picom avirus IRES elements
Type I picomavirus IRES elements are found in the mRNAs o f enterovimses (e.g. 
PV) and rhinoviruses (e.g. HRV). These elements function poorly in the in vitro cell- 
free mammalian system Rabbit Reticulocyte Lysate (RRL), unless supplemented with 
HeLa cell extracts (Brown and Ehrenfeld, 1979; Domer et al., 1984). This type of 
IRES element is also stimulated by the proteases L and 2A, which cleave eIF4G, both 
in in vitro cell-free systems (i.e. RRL) and in mammalian cells (Borman et al., 1995; 
Roberts et al., 1998).
Analysis of the secondary structures o f the type I IRES elements revealed that they 
contain six stem-loop structures, named I to VI, and that stem-loops II and V are 
required for IRES activity (Figure 1.5; Pelletier et al., 1988). The 3’ terminus o f the 
IRES is separated by 150 nt from the AUG initiation codon. This length can be 
increased without affecting initiation o f translation. However, insertion o f an AUG 
resulted in a decrease in viral protein synthesis, possibly because it disrupted the 
mechanism o f scanning and initiation codon selection (Kuge et al., 1989). However, 
the presence o f AUG codons upstream of the IRES does not influence translation. 
This suggests that the mechanism o f type I IRES elements involves the ribosomes 
being internally recruited and then scanning to the initiation codon. It is therefore also 
called the “land and scan” mechanism (reviewed in Belsham and Jackson, 2000).
The inefficiency o f the enterovirus IRES elements in the RRL system and the 
rescuing action o f HeLa cell extracts suggested that factors absent in RRL, but present 
in HeLa cell extracts, are necessary for IRES activity. Therefore, the function o f  the 
IRES element is influenced, at least in part, by the availability o f non-canonical 
translation factors (reviewed in Belsham and Jackson, 2000). Indeed, it has been 
shown that cellular proteins, not usually involved in translation, are required for
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Figure 1.5 Secondary structure of type I and II picomavirus IRES elements.
Secondary structure o f domains I to VI o f the PV 5’UTR (A), and o f the EMCV 
5’UTR (B), domains A to L. Numbers indicate nt starting at the 5’ end o f the genomic 
RNA. Shown are the poly(C), the pyrimidine-rich tracts and a stem-loop* conserved 
in types I and II IRES elements. From Jang, (2006).
26
enterovirus IRES activity (reviewed in Belsham and Jackson, 2000; Section 1.11).
1.9.2 Type II  p icom avirus IRES elements
Type II picomavims IRES elements reside in the 5’ UTRs o f the cardiovimses (e.g. 
EMCV) and aphthoviruses (e.g. FMDV). These elements function efficiently in the 
RRL and are only moderately stimulated by viral proteases (Borman et al., 1997a; 
Roberts et al., 1998). Analysis o f the secondary structures revealed that the 5 ’ UTR 
contains twelve domains, named A to L, o f which H-L are essential for IRES activity 
(Figure 1.5; Duke et al., 1992). In contrast to the type I IRES elements, type II IRES 
elements reside in the 450 nt upstream of the initiation codon, with little spacing 
between the IRES and the initiation codon. Therefore, the ribosome is recmited by the 
IRES at, or very close to, the initiation codon and little scanning is involved (reviewed 
in Jackson and Kaminski, 1995). In many aphtho- and cardiovimses, upstream of the 
IRES element is a poly(C) tract from 60 to 420 nucleotides long. If  this is deleted or 
removed, IRES efficiency is not affected. In the IRES element o f EMCV, the poly(C) 
tract is located 500 nucleotides upstream of the initiating AUG codon. This AUG is 
the eleventh AUG; some initiation is also seen at the twelfth AUG, which is 
positioned twelve nucleotides downstream of AUG 11. The first ten AUG codons, 
including AUG 10 which is only 8 nucleotides upstream o f AUG 11, are unable to 
initiate translation (Kaminski et al., 1990; Kaminski et al., 1994). Consequently, the 
ribosome is believed to land at, or very near to, AUG 11 and not land further upstream 
and scan, since it would encounter AUG 10, which is in a favourable context. 
However, it is unknown how the ribosome reaches AUG 12 bypassing AUG 11 
(Kaminski et al., 1990; reviewed in Belsham and Jackson, 2000).
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FMDV possesses two initiation sites; the Lab site is analogous to the EMCV AUG 11 
and is located 22 nt downstream of the oligopyrimidine tract at the 3 ’ end o f the 
IRES; the Lb site is located 84 nucleotides downstream o f the oligopyrimidine tract. 
The majority of translation initiation events occur at the Lb site, with only 20-33% 
occurring at the Lab site (Belsham, 1992). It could be hypothesized that some 
ribosomes enter at the Lab site and initiate translation, while others, although entering 
at the same site, scan along the mRNA to initiate at the Lb site (Belsham, 1992; Poyry 
et al., 2001).
1.9.3 Type III picomavirus IRES elements
The IRES in the HAV genome is the only example o f the third type o f IRES element. 
In contrast to the other picornaviruses, HAV infection does not result in host cell 
translational shutoff and develops into a slow non-cytopathic replication cycle, both in 
cell culture and in vivo. It was suggested that the poor growth o f HAV was due to low 
translational efficiency of its RNA (Whetter et al., 1994). Indeed, in vitro and in cell 
culture the HAV IRES has been reported to be much less efficient than the other two 
types o f IRES elements (Whetter et al., 1994; Borman et al., 1995). In the RRL 
system addition o f HeLa cell extracts, which is able to rescue PV internal translation 
(Brown and Ehrenfeld, 1979; Domer et al., 1984), had a slight inhibitory effect on the 
HAV IRES, suggesting a different requirement for cellular proteins. Some 
translational stimulation, although limited, was observed with the addition of liver cell 
extracts, consistent with the hepatotropism o f the virus (Glass and Summers, 1993). 
The HAV 5’ UTR is 730 nt long, contains ten AUG codons and is predicted to fold 
into six domains, I to VI (Figure 1.6; Brown et al., 1991). Two pyrimidine-rich tracts
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Figure 1.6 Secondary s truc tu re  of type III  p icom avirus IRES element. Secondary 
structure of the HAV 5’ UTR, domains 1 to VI, are shown. Shaded areas (domains 
Ila, lib  and Vb) indicate pseudo-knot interactions. The small open box represents the 
AUG used as initiation codon. pY l represents the pyrimidine-rich tract. Adapted form 
Schultz et al., (1996a).
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are found at the 5 ’ end and at the 3 ’ end o f the IRES. The borders o f the HAV IRES 
have been identified between domains III and V (Brown et al., 1994). The pyrimidine 
tract at the 3 ’ end falls within the IRES and is located in a similar position to the 
oligopyrimidine tract in the EMCV 5’UTR (Brown et al., 1991; Section 1.10.1).
In contrast to the other picomavirus types o f IRES elements, the HAV IRES is 
functional only in the presence of an intact eIF4G (Borman and Kean, 1997; Ali et al., 
2001; Section 1.11.2). Although secondary structure analysis revealed an organisation 
reminiscent o f that o f EMCV (Brown et al., 1991), the HAV IRES requirement for 
initiation factors is unique amongst the other picomavims IRES elements and requires 
the IRES to be placed in a separate group.
1.9.4 Type IV  p icom avirus IRES elements
A fourth type o f IRES element has emerged during studies on the recently discovered 
porcine teschovirus 1 Talfan strain (PTV-1; Kaku et al., 2001). The 5 ’UTR o f PTV-1 
is much shorter than the 5’UTRs o f the majority o f picornaviruses, being only 411 nt 
long (Belsham and Jackson, 2000; Kaku et al., 2002). In addition, 125 nt at the 5 ’ end 
of the PTV-1 5’UTR can be deleted, resulting in a 280 nt long functional IRES 
element (nt 126-411; Kaku et al., 2002). The PTV-1 IRES is active in vitro and in cell 
culture systems and is not affected by eIF4G cleavage (Kaku et al., 2002; reviewed in 
Bedard and Semler, 2004). Despite sharing these properties with the aphtho- and 
cardiovimses, sequence alignment analysis suggested that the PTV-1 IRES was 
distinct from the Picornaviridae family and very similar to the IRES element o f the 
Hepatitis C vims, a Flavivims (HCV; Pisarev et al., 2004). Indeed, secondary 
structure prediction o f the PTV-1 IRES revealed an organizational pattern unique 
within the picomaviral IRES elements, but one highly reminiscent o f the domains and
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pseudo-knot o f the HCV IRES (Figure 1.7; Pisarev et al., 2004). In addition, as for 
the HCV IRES, the PTV-1 IRES has a minimal elF requirement, limited to eIF2-Met 
and the 40S ribosomal subunit (Pisarev et al., 2004). eIF3, although not strictly 
required for 48S formation, binds directly to the PTV-1 IRES (Pisarev et al., 2004). It 
cannot be excluded that in a more complex translational environment (i.e cell culture, 
in vivo system) eIF3 might contribute to PTV-1 IRES-mediated initiation.
Recently, the IRES elements from the Porcine Enterovirus 8 (PEV-8), the Simian 
Virus 2 (SV2) and AEV have been described and present features strikingly similar to 
the PTV-1 IRES element (Chard et al., 2006; Hellen and de Breyne, 2007; Bakhshesh 
and Roberts, personal communication).
1.10 Conservation within the picomavirus IRES elements
The different types o f picomavirus IRES elements show little sequence and structural 
conservation. Only two features appear to be conserved; an oligopyrimidine tract and 
a GNRA tetraloop (reviewed in Belsham and Jackson, 2000).
1.10.1 The oligopyrimidine tract
An oligopyrimidine tract sequence is conserved among the different types o f 
picomavims IRES elements. It is about 10 nt long and is found approximately 25 nt 
upstream of an AUG codon (reviewed in Jang, 2006). In the case o f the type I and II 
IRES elements, the pyrimidine-AUG region appears to be involved in IRES-mediated 
translation. In type II IRES elements, the oligopyrimidine tract is found within the 
“landing” region o f the ribosome and the AUG is used as the functional initiation 
codon. In the case o f the type I IRES element, the AUG codon found downstream of 
the oligopyrimidine tract is not used as the initiation codon. As mentioned above, the
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typel IRES mechanism occurs in a “land and scan” fashion. Therefore, the importance 
o f  the oligopyrimidine tract appears to be related to the landing event and initiation 
starts 40-150 nt downstream (reviewed in Doudna and Samow, 2007).
The length o f the spacer region between the oligopyrimidine tract and the initiation 
codon has been shown to be o f critical importance. Removal o f nucleotides from the 
spacer region can alter the AUG codon used to initiate translation (Kaminski et al., 
1994; Hellen and Wimmer, 1995). However, the presence o f AUG codons within the 
spacer region does not affect translation initiation as these codons are not selected to 
initiate translation, even when found in a favourable context (Ugarova, 1987).
It has to be noted that in most o f the studies on the importance o f the oligopyrimidine 
tract and the spacer region in IRES-mediated translation, the pyrimidine tract was 
replaced by purines (i.e. G nucleotides). Therefore, since the introduction o f Gs can 
lead to the formation of relatively strong secondary structures, it is not clear whether 
the observed inhibition o f IRES activity was due to the structural change of the IRES 
or to the importance of the oligopyrimidine tract (Kuhn et al., 1990; Pestova et al., 
1991; Kaminski et al., 1994).
1.10.2 GNRA tetraloop
A GNRA tetraloop is conserved in the apical region o f stem loop IV o f the type I 
IRES elements, stem loop I o f the type II IRES elements and domain IV of the HAV 
IRES (Phelan et al., 2004; Du et al., 2004; Femandez-Miragall et al., 2006). GNRA is 
a consensus sequence in which G is a guanine, N is a nucleotide, R is a purine and A 
is an adenine. This loop is thought to be involved in RNA folding and generation of 
tertiary structures, in which the ssRNA folds back onto itself (Correll and Swinger, 
2003). In the case o f ype II IRES elements, the importance o f single nucleotides
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within the tetraloop has been investigated by mutational analysis. The EMCV IRES 
element requires the A residue o f the GNRA tetraloop, while the G residue is not 
critical (Lopez de Quinto and Martinez-Salas, 1997; Robertson et al., 1999). In the 
FMDV IRES, mutation o f the G residue to an A residue resulted in a ten-fold 
reduction of IRES activity (Martinez-Salas et al., 2002).
Various deletion and substitution mutations in the GNRA tetraloop o f the enterovirus 
Coxsackie B3 virus significantly affected type I IRES function (Bhattacharryya and 
Das, 2005).
1.11 Initiation factor requirement for picomavirus IRES-mediated translation 
initiation
Picomavirus IRES-mediated translation hijacks the cellular translational machinery 
for the synthesis of viral proteins. However, the strategies of translational shutoff and 
internal initiation reduce the picomavims requirement to only a subset o f the cellular 
translational machinery. This is in part due to the active role that the IRES elements 
play in recruiting the translational machinery. By binding directly to initiation factors 
and the 40S ribosomal subunit, the IRES elements replace the functions o f some 
initiation factors (Kolupaeva et al., 1998; Saleh et al., 2001; Pisarev et al., 2004).
The differences in initiation factor requirements between cap-dependent and IRES- 
dependent initiation mechanisms are mainly seen at the level o f the eIF4F subunits.
1.11.1 eIF4E requirement
IRES-mediated translation is by definition independent from the presence of a free 5 ’ 
end and therefore independent o f the cap structure (Chen and Samow, 1995; Pestova 
et al., 1996 a,b; reviewed in Doudna and Samow, 2007). This independence is
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especially evident in the case o f  EMCV. EMCV infection induces sequestration o f the 
cap-binding factor eIF4E by dephosphorylation o f 4E-BP1. This results in selective 
inhibition o f cap-dependent translation, but not o f IRES-mediated translation (Gingras 
et al., 1996). eIF4E redundancy was confirmed by in vitro reconstitution assays using 
purified elFs. This study showed formation o f a 48S complex on the EMCV IRES in 
the absence o f eIF4E (Pestova et al, 1996b).
The main mechanism PV adopts to shut o ff host cell translation is cleavage o f eIF4G. 
However, similar to the EMCV IRES, the PV IRES has been shown to be stimulated 
in eIF4E-silenced cells, therefore supporting the idea o f eIF4E inhibition as an event
to stimulate general (i.e. IRES type-independent) IRES-dependent translation (Svitkin
1
et al., 2005).
Among the picomaviruses it seems that the general target is to decrease the amount o f 
the whole eIF4F complex and to increase the amount o f the eIF4G-eIF4A sub­
complex. In this context, EMCV-induced eIF4E sequestration and eIF4G cleavage 
mediated by PV, HRV and FMDV proteases (Section 1.11.2) can be seen as different 
ways o f promoting the formation o f the same sub-complex specifically designed to 
favour IRES-mediated and (cleaved)eIF4G-eIF4A-permissive translation over the 
cellular eIF4F-dependent mechanism (Svitkin et al., 2005).
A different scenario is represented by the HAV IRES. This IRES element is inhibited 
by 4E-BP1 and eIF4G cleavage and requires all the components o f the eIF4F complex 
(Ali et al., 2001; Borman et al, 2001). It has been suggested that the cap-binding 
factor eIF4E is required not for its cap- or RNA-binding ability, but for the 
conformational change that it induces in eIF4G (Ali et al., 2001). Indeed, eIF4G 
assumes a different conformation when bound to eIF4E. This is demonstrated by the 
fact that eIF4G in complex with eIF4E is the preferred substrate o f the picomavirus
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proteases 2A and L, and that 4E-BP1 inhibits eIF4G cleavage (Haghighat et al., 1996; 
Ohlmann et al., 1997). Therefore, the HAV IRES requirement for eIF4E may actually 
represent the requirement for a specific conformation of eIF4G (Ali et al., 2001). 
Another proposed explanation for the HAV IRES requirement for eIF4E involves a 
direct eIF4E-IRES interaction. This would potentially occur at an internal G nt, 
proposed to be unmethylated. The resulting weak interaction would be stabilised by 
the presence o f eIF4G. This is supported by the inhibitory effect o f a cap analogue on 
HAV IRES activity (Ali et al., 2001; Jackson, 2005).
1.11.2 eIF4G
In the case o f the eIF4G component o f eIF4F, the majority of picomavirus IRES 
elements require only the C-terminal domain. In this region are found the binding 
sites for the 40S-binding factor eIF3 and eIF4A (reviewed in Prevot et al., 2003). 
Therefore, separation o f these binding sites from the eIF4E binding site selectively 
inhibits cap-dependent translation leaving IRES-mediated translation unaffected.
In the case o f the FMDV IRES, stem loops J-K interact directly with eIF4G (Saleh et 
al., 2001). The same stem loops in the EMCV IRES element directly interact with 
cleaved eIF4G and allow formation o f a functional 48S complex (Kolupaeva et al., 
1998; Lomakin et al., 2000; Clark et al., 2003). It has to be noted that the EMCV 
IRES is able to function with cleaved eIF4G, even though EMCV does not induce 
eIF4G cleavage during infection. As in the case o f the stimulatory effect on PV by 
eIF4E inhibition, eIF4G cleavage can be seen as a general way o f promoting the 
formation o f the IRES translation-permissive (cleaved)eIF4G-eIF4A sub-complex at 
the expense o f the whole eIF4F complex (Svitkin et al., 2005). It has been proposed 
that type I IRES elements interact with eIF4G through stem loop V (Ochs et al.,
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2003).
The specificity of the IRES-eIF4G interactions might be dependent on the presence of 
other initiation factors. This is exemplified by the EMCV IRES. This IRES binds to 
eIF4G only in the presence o f eIF4A (Lomakin et al., 2000). Indeed, as mentioned 
above, it appears that the picomavirus requirement for eIF4F is represented by the 
sub-complex (cleaved)eIF4G-eIF4A. Interestingly, eIF4A is not required for its 
helicase or ATPase activities, but simply as a binding partner o f eIF4G (Lomakin et 
al., 2000).
The type IV IRES elements differ from the other types o f IRES element and represent 
two very different situations in their eIF4G requirements. Indeed, in the case o f PTV- 
1, the 40S-recruiting function o f eIF4G via eIF3 is replaced by the IRES itself 
(Pisarev et al., 2004).
1.11.3 eIF4A
eIF4A exists as a free form (eIF4Af) and as a subunit o f the eIF4F complex (eIF4Ac; 
Grifo et al., 1983; Edery et al., 1983). eIF4A plays a significant role in translation as 
eIF4Ac and its importance resides in its RNA helicase activity and in the 
conformational changes induced in its eIF4F-binding partners. In the latter case, 
requirement for eIF4Ac can be especially appreciated in studies o f molecules that 
prevent eIF4Af from joining the eIF4F complex. An example is the tumour suppressor 
Pdcd4, which inhibits translation by preventing eIF4A binding to eIF4G (Yang et al., 
2003). Recently, a screen o f naturally occurring eIF4A inhibitors has been undertaken 
to facilitate the study o f eIF4A in both cap-dependent and IRES-dependent initiation 
o f translation (Novae et al., 2004). Panteamine, a molecule isolated from the marine 
sponge Mycale sp., was shown to have a similar effect to Pdcd4 in promoting eIF4Af
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over eIF4Ac (Bordeleau et al., 2005). Another molecule, hippuristanol, was purified 
from the coral Isis hippuris and shown to inhibit the RNA binding ability o f both 
eIF4Af and eIF4Ac (Bordeleau et al., 2006a,b). Hippuristanol was used specifically to 
study the role o f eIF4A in IRES-mediated translation. Consistent with previous 
studies that show the requirement for the (cleaved)eIF4G-eIF4A complex, the IRES 
elements o f PV and EMCV were inhibited by hippuristanol (Pause et al., 1994; 
Bordeleau et al., 2006a,b). Therefore, hippuristanol has the potential to become an 
important tool for the study o f the requirement for eIF4A as shown in studies on the 
PTV-1 and AEV IRES elements (Chard et al., 2006; Pestova and Hellen, 2006; 
Bakhshesh and Roberts, personal communication).
1.11.4 The poly(A) tail and PABP
Picomavirus RNA contains a poly(A) tail (reviewed in Belsham and Jackson, 2000). 
The presence o f a poly(A)tail enhances translation directed by at least three types o f 
IRES elements (I, II, III; Bergamini et al., 2000; Michel et al., 2001). As in cap- 
dependent translation, the stimulatory effect o f the poly(A) tail on IRES-dependent 
translation initiation is thought to be mediated by PABP and eIF4G. The complex of 
the form IRES-eIF4G-PABP-poly(A) tail would result in circularization o f the mRNA 
and promote subsequent rounds of initiation. However, picomavirus cleavage o f 
eIF4G, mediated by the 2A and L proteases, results in the separation o f the N-terminal 
region that contains the PABP and eIF4E binding sites, from the C-terminus which 
contains the eIF3, eIF4A and IRES-binding sites (reviewed in Prevot et al., 2003). 
The 2A and 3C proteases cleave PABP, preventing the formation of the IRES-eIF4G- 
PABP-poly(A) tail complex (reviewed in Lloyd, 2006). Therefore, PABP-mediated 
stimulation o f IRES-dependent initiation might only occur immediately after
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infection, when PABP and eIF4G are still uncleaved, and acts as an additional 
stimulation o f viral RNA translation when competition with the cellular mRNAs is at 
the highest level. Later in infection, when host translation is inhibited by eIF4G 
cleavage and viral IRES-containing mRNAs are selectively translated, the stimulatory 
effect o f PABP might not be required any more, therefore PABP cleavage does not 
inhibit IRES-mediated translation (reviewed in Lloyd, 2006).
The picomaviruses HAV and EMCV do not induce cleavage of eIF4G, therefore it is 
possible that for these viruses circularization o f the mRNA continues throughout the 
infection (Michel et al., 2001; reviewed in Kean, 2003).
1.12 7ra«s-acting factors
Variation in IRES efficiency within different cell types has led to the search for 
factors required for efficient IRES-mediated translation, in addition to the canonical 
initiation factors (Borman et al., 1997; Roberts et al., 1998; reviewed in Belsham and 
Jackson, 2000). A growing number o f proteins have been shown to act as IRES-/nms 
acting factors (ITAFs). All ITAFs found to promote IRES activity so far contain 
multiple RNA-binding domains and are likely to interact with more than one part of 
the IRES at once, acting as RNA chaperones. These factors would hold the IRES in 
specific conformations, contributing towards the optimal structure-function 
relationship o f the IRES (Belsham and Sonenberg, 2000).
Type I and III IRES elements differ from type II IRES element in their inability to 
function in cell-free translation systems, such as the Rabbit Reticulocyte Lysate 
(RRL) system. However, the IRES activity o f entero-/rhinoviruses can be rescued by 
the addition of HeLa cell cytoplasmic extracts, while HAV IRES activity in the RRL 
is stimulated by the addition of mouse liver cytoplasmic extracts (Domer et al., 1984; 
Glass and Summers, 1993; Jackson and Kaminski, 1995). This suggests that the HeLa
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extracts and the liver extracts contain translation factors, or higher concentrations o f 
factors, that are missing/not abundant in the RRL.
So far the cellular proteins identified to be involved in interaction with picomavirus 
IRES elements are polypyrimidine-tract-binding protein (PTB), La, poly(rC)-binding 
protein 2 (PCBP2), upstream o f N-ras (Unr), Unr interacting protein (Unrip), IRES 
trans-?LQ,\mg factor 45 (ITAF45) and nucleolin.
1.12.1 PTB
PTB is an RNA binding protein with a major constitutional role as a regulator o f 
alternative splicing o f pre-mRNAs (Mulligan et al., 1992; Lin and Patton, 1995). PTB 
is predominantly found in the nucleus, but it has been shown to shuttle to the 
cytoplasm (Ghetti et al., 1992; Kamath et al., 2001). PTB exists as a monomer, but 
with an extended structure o f an apparent size o f 90 kDa, whereas the true size is 58 
kDa (Monie et al., 2005). It possesses four RNA-binding domains through which it 
binds to regions o f 15-25 pyrimidines (Singh et al., 1993; Perez et al., 1997; Obestrass 
et al., 2005). Short sequences o f the form UCUU and UCUUC have been shown to be 
the cores o f preferred targets (Perez et al., 1997).
PTB has been found to interact with, and to have a functional role in, picomavims 
IRES-directed translation (Pestova et al., 1991; Hellen et al., 1993; Niepman et al., 
1997; Kaminski and Jackson, 1998). In particular, PTB stimulates the activity o f 
entero- and rhinovirus IRES elements, and moderately stimulates the activity o f the 
FMDV IRES. Interestingly, PV infection induces PTB translocation from the nucleus 
into the cytoplasm Although PTB binds to the EMCV IRES, it does not have a 
stimulatory effect on this IRES (reviewed in Belsham and Sonenberg, 2000).
Type II IRES elements have higher affinity for PTB than type I. This could be
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responsible for the difference in the activities o f these IRES elements in RRL. Since 
RRL contains low concentrations of PTB, the ability to bind PTB with high affinity 
can constitute an advantage in this system. In this context, the type II IRES elements 
would display high translational efficiencies, due to their ability to recruite PTB 
despite its low concentration (Kaminski et al., 1995; Kaminski and Jackson, 1998; 
Pilipenko et al., 2000). On the other hand, type I IRES elements are much less active 
in the same system, but can be stimulated by the addition o f purified or recombinant 
PTB, or by the addition o f HeLa cell extracts which naturally contain high levels o f 
PTB (Brown and Ehrenfeld, 1979; Domer et al., 1984; Hunt and Jackson, 1999; Hunt 
et al., 1999).
1.12.1.1 PTB binding and neuroattenuation
PV RNA has been reported to have three PTB binding sites, one between the IRES 
domains I and II (nt 70-286), one within domain V (nt 443-539) and one downstream 
o f the IRES (nt 630-730; Hellen et al., 1994). The binding site in domain V falls in an 
important region for IRES activity and also for tissue tropism (Pelletier et al., 1988; 
Ochs et al., 2003; Guest et al., 2004). Point mutations in domain V are found in the 
attenuated PV strains used as vaccines (Sabin strains 1, 2 and 3; Evans et al., 1985; 
Kawamura et al., 1989; Westrop et al., 1989; Ren et al., 1991). The appeal o f  these 
strains as vaccines is due to their significant attenuation in the central nervous system 
(CNS), but wt ability to replicate in the gut. Therefore, infection elicits immune 
response without targeting the CNS, which would result in poliomyelitis and 
paralysis.
In the specific case o f Sabin strain 3, the molecular mechanism o f neuroattenuation 
has been linked to PTB-binding efficiency. The Sabin 3 strain differs from the wt PV
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(Leon strain) in a single mutation C-U at nt 472 (Westrop et al., 1989). This mutation 
modifies intra-domain secondary structures and results in decreased binding o f PTB 
or its neural isoform, nPTB. In vitro the high concentration o f PTB in HeLa cells can 
compensate for the decreased affinity and therefore the viral mRNA is translated 
efficiently (Guest et al., 2004). However, in the CNS the levels o f PTB are low and 
cannot support Sabin 3 IRES-mediated translation. Interestingly, coexpression o f 
PTB, but not nPTB, rescued the mutation in vivo, in chicken embryo CNS (Guest et 
al., 2004). This is surprising because PTB and nPTB share more than 70% amino acid 
homology and the RNA-binding domains are particularly conserved (Polydorides et 
al., 2000). However, it cannot be excluded that the PTB-RNA binding sites involved 
in IRES-RNA interactions are different from those used by PTB and nPTB in splicing 
reactions on nuclear pre-mRNAs.
A neurovirulent strain o f Theiler’s murine encephalomyocarditis virus (TMEV, a 
Cardiovirus) was shown to require nPTB in the assembly o f a 43 S complex on the 
IRES (Pilipenko et al., 2000 and 2001). In this case PTB and nPTB share the same 
large array of binding sites on the IRES. Mutational analysis o f these binding sites 
revealed that the binding affinity o f nPTB is more affected than that o f PTB. This 
resulted in a decreased activity o f nPTB in promoting internal initiation and therefore 
neuroattenuation o f the virus. As in the case o f the PV IRES, neuroattenuation 
involved specifically the translation step and did not reduce replication activity in 
non-CNS cells (Pilipenko et al., 2001).
1.12.1.2 EMCV IRES requirement for PTB
Multiple PTB binding sites have been mapped on the EMCV IRES (Kolupaeva et al.,
1996). It was originally thought that PTB was required for EMCV IRES-mediated
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translation (Kaminski et al., 1995). However, the IRES used in those studies 
contained a loop formed by seven As at the 3 ’ end o f the IRES and the IRES was 
analysed in the context o f a monocistronic RNA, linked to a reporter sequence. 
However, the wt IRES was found to contain a loop o f only six As and showed no 
requirement for PTB in directing initiation o f the viral polyprotein (Kaminski and 
Jackson, 1998). Hybrid situations, represented by a wt loop in the IRES linked to a 
reporter sequence, and an enlarged loop in the IRES linked to the viral polyprotein 
coding region, showed intermediate levels o f PTB requirement (Kaminski and 
Jackson, 1998). Since the A-rich loop is not found within the PTB binding site, PTB 
binding cannot be directly affected by the nature of the loop. However, it has to be 
considered that mutations in the wt IRES sequence have the potential o f destabilizing 
the general IRES structure. In this case, the IRES that contains the enlarged loop 
would adopt a conformation that is less effective in recruiting the translational 
machinery. PTB binding to this “mis-shaped” IRES could help in re-shaping the IRES 
into a translationally-competent conformation, thereby explaining the requirement for 
this ITAF (Kaminski and Jackson, 1998; Song et al., 2005). More recently, RNA 
silencing studies have re-opened the debate by showing that the EMCV IRES requires 
PTB at least at early stages in infection. At this stage, the limited amount o f viral 
mRNA has to compete with the bulk o f cellular mRNAs. However, the recruitment of 
PTB could shape the IRES into a more competitive conformation. Therefore, the 
ability to bind PTB would be an advantage for the IRES-containing mRNA. Later in 
infection, when viral-induced host cell translation shut off has relieved competition, 
PTB presence and binding affinity would be o f less importance (Florez et al., 2005). 
The work on the PTB requirement o f the EMCV IRES shows that high affinity 
interactions between the IRES and cellular proteins might not necessarily indicate a
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functional relationship and suggest that binding studies are only the first step in the 
identification o f an ITAF, functional studies must follow. In addition, together with 
the PV neuroattenuation studies, it stresses the dependence o f the IRES on sequence 
and secondary structure conservation, since even point mutations have the potential to 
disrupt the IRES, resulting in additional ITAF requirements and modification o f the 
tissue tropism.
1.12.1.3 HAV IRES requirement for PTB and IRES inhibition by GAPDH
The wt HAV replicates in cell culture at very low levels (reviewed in Martin and 
Lemon, 2006). A good viral yield in cell culture is useful to study viruses from the 
classical virology point of view and also for production o f vaccines. In the case o f 
HAV, it was suggested that a weak translation initiation mechanism was, at least in 
part, responsible for the poor growth (Whetter et al., 1994). Serial HAV passages 
resulted in cell culture-adapted strains that indeed differed from the wt in mutations 
within the 5 ’ UTR (Schultz et al., 1996a). Earlier studies had also reported that PTB, 
together with other cellular proteins, was able to bind to the HAV IRES (Chang et al, 
1993). It had to be established if  and how PTB played a role in HAV IRES mediated 
translation and if  PTB binding and cell culture adaptation were related. Before the 
role o f PTB was confirmed, it was shown that PTB shares binding sites on the HAV 
IRES with the cytoplasmic enzyme glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; Schultz et al., 1996b). GAPDH is expressed ubiquitously at high levels due 
to its role in glycolysis (reviewed in Sirover, 1997). It is therefore mainly found in the 
cytoplasm, but can shuttle to the nucleus in the opposite direction to PTB (reviewed in 
Chuang et al., 2005). Despite its main role in carbohydrate metabolism, GAPDH is 
also able to bind cellular mRNAs at pyrimidine-rich tracts, with a core sequence
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AUUUA, through its NAD+-binding region (Nagy and Rigby, 1995; reviewed in 
Sirover, 1997). Therefore, it is not surprising that GAPDH and PTB compete for the 
pyrimidine-rich tract in stem loop III o f the HAV IRES (Schultz et al., 1996b). Since 
binding o f GAPDH to RNA has an RNA helix-destabilizing activity (Karpel and 
Burchard, 1981; Schultz et al., 1996b), it was suggested that GAPDH destabilizes the 
HAV IRES by binding to ssRNA within domain III and/or by binding dsRNA 
segments and unpairing the strands (Schultz et al., 1996b). Conversely, PTB binding 
to the same site in stem loop III could suppress the destabilising effect o f GAPDH, 
either by sterically inhibiting GAPDH binding or by reversing the destabilising action 
o f GAPDH. Therefore, a cytoplasmic concentration o f GAPDH higher than that o f 
PTB would inhibit HAV translation. This is the scenario in the majority o f cell types, 
where GAPDH is expressed in the cytoplasm at high concentrations, while PTB is 
mainly nuclear. This correlates well with the poor HAV replication and translation 
efficiencies in both cell culture and lysate systems. Therefore, the inhibitory effect of 
GAPDH on the HAV IRES would prevail over the PTB protective/stimulatory action. 
On the other hand, overexpression of PTB could shift the equilibrium at the expense 
o f  GAPDH and result in a stimulatory effect on the HAV IRES (Gosert et al., 2000; 
Yi et al., 2000). Interestingly, the HAV cell culture-attenuated strains contain a UU 
deletion in stem loop III, within the binding site for PTB/GAPDH (Schultz et al., 
1996a). This suggests that the ability o f these strains to grow well in cell lines 
naturally rich in GAPDH is due to the acquisition o f a protective deletion that has a 
significantly decreased affinity for GAPDH (Schultz et al., 1996a).
It has to be noted that the studies of Schultz et al. (1996b) and Yi et al. (2000) 
analysed the interactions o f GAPDH with the HAV IRES {wt and cell culture-adapted 
strain) without including other picomavirus IRES elements. Since GAPDH and PTB
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compete for the same binding site on the HAV IRES, it remains unclear why other 
IRES elements that bind to and require PTB do not appear to be affected by GAPDH. 
It is possible that the context in which the PTB/GAPDH binding site is found might 
influence its accessibility to GAPDH. It would be interesting to analyse the PV IRES 
and the EMCV IRES (with enlarged A-rich loop, Section 1.12.1.2) along with the 
HAV IRES {wt and cell culture-adapted strain) in the systems used by Yi et al. (2000) 
to assess more rigorously the role o f  GAPDH in IRES activity.
1.12.2 La
La is a 52 kDa protein localised mainly in the nucleus, where it functions in the 
maturation o f RNA polymerase III transcripts. By binding to pyrimidine rich tracts it 
stabilizes mRNAs from exonuclease digestion (reviewed in Wolin and Cedervall,
2002). Under conditions o f stress, like viral infection, La is redistributed from the 
nucleus to the cytoplasm (Meerovitch et al., 1993; reviewed in Wolin and Cedervall,
2002). The role o f La in IRES-mediated translation initiation was discovered during 
PV IRES studies, when La was shown to bind the PV IRES at the region 
incorporating the AUG start codon. Addition o f La to the RRL system stimulated 
translation initiation on PV mRNA, probably by increasing the number o f ribosomes 
selecting the correct initiation site (Meerovitch et al., 1993; Svitkin et al., 1994). 
However, the role o f La in PV IRES-mediated translation was questioned due to the 
large amounts o f protein needed to rescue IRES activity. More recently, studies that 
achieved La knockdown with small interfering RNA demonstrated that La is required 
for PV IRES-dependent translation, suggesting that the conditions o f the in vitro 
studies were not optimal to test La-IRES interactions (Costa-Mattioli et al., 2004).
The molecular mechanism by which La stimulates 40S ribosome recruitment is not
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yet known. The fact that a PV protease (3C) cleaves La and that the N-terminal 
domain is selectively translocated to the cytoplasm suggests a specific role for the N- 
terminal domain in PV IRES-mediated translation (Shiroki et al., 1999). The C- 
terminal domain would then be responsible for the nuclear localisation (Shiroki et al.,
1999).
Consistent with the other ITAFs, it has been suggested that La acts as an RNA 
chaperone. It may hold the IRES element in a structure with high affinity for initiation 
factors, or may indirectly stimulate translation initiation by removing an inhibitory 
protein from the IRES. It is also possible that La plays a more direct role, actively 
recruiting the ribosome by binding 18S rRNA (Peek et al., 1996; Costa-Mattioli et al., 
2004).
La has also been reported to stimulate the activity o f the EMCV IRES element 
(Meerovitch et al., 1993; Svitkin et al. 1994; Ki Kim and Key Jang, 1999). 
Interestingly, La also acts as an initiation factor for specific cellular mRNAs. It binds 
to a terminal oligopyrimidine (TOP) tract found at the 5 ’ end of mRNAs encoding 
ribosomal proteins and other translation-related proteins. La binding results in 
activation o f TOP mRNA translation (Cardinali et al., 2003).
1.12.3 Unr and Unrip
Together with PTB, two other proteins were found to bind to the human rhinovirus 
(HRV) IRES from fractions o f HeLa cell lysates. One was a protein o f 97 kDa called 
upstream of N -ras (unr) and the other was a 38 kDa protein able to bind Unr, 
therefore named Unr-interacting protein, Unrip (Hunt and Jackson, 1999; Hunt et al.,
1999). Unr is encoded closely upstream of N-ras, hence the name (Jeffers et al., 
1990). It is mainly found in the cytoplasm of a large variety o f cell types, where it is
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thought to be involved in cell differentiation (Jacquemin-Sablon et al., 1994; 
Boussadia et al., 1997). Unr possesses five copies of the cold-shock domain (CSD) 
through which it interacts with ssRNA. Mutations in any o f the five CSDs severely 
affect the ability o f Unr to stimulate IRES translation, suggesting that the RNA- 
binding activity o f all domains is required (Brown and Jackson, 2004). Interestingly, 
it appears that the Unr mRNA also contains an IRES (Comelis et al., 2005).
Unrip does not possess any RNA-binding ability and does not seem to play a role in in 
vitro cell-free HRV IRES translation. However, it could play a functional role in the 
more complex cellular environment as an Unr binding partner (Hunt et al., 1999).
1.12.4 PCBP2
PCBP2 is a 39 kDa protein which is expressed ubiquitously (Leffers et al., 1995). 
Along with the isoform PCBP1, PCBP2 is found in the nucleus and is involved in pre- 
mRNA processing and mRNA export. It also possesses a role as a regulator of 
cytoplasmic mRNAs (reviewed in Ostareck-Lederer et al., 1998). It binds to RNA 
through three K-homology (KH) domains, which interact with pyrimidine rich tracts 
in RNAs (reviewed in Ostareck-Lederer et al., 1998).
PCBP2 binds to multiple regions within the PV 5’ UTR and is involved in IRES- 
mediated translation (Blyn et al., 1995 and 1997; Walter et al., 1999). In PCBP2- 
depleted HeLa cell extracts, PV IRES activity is not supported. However, addition o f 
recombinant PCBP2 rescues IRES activity (Blyn et al., 1997; Gamamik and Andino, 
2000). PV IRES domain IV is thought to be the main RNA determinant for the 
functional role of PCBP2 in translation. Indeed, mutations within this stem loop 
inhibit PCBP2 binding and IRES activity (Gamamik and Andino, 2000; Du et al.,
2004).
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PCBP2 and PCBP1 also bind to PV domain I (the cloverleaf structure). In the case o f 
PCBP2, binding to domain I is involved in translation, while binding of PCBP1 to the 
same domain is related to replication. It is believed that the two isoforms bind to the 
cloverleaf using the same KH domain. Therefore, other PCBP domains determine the 
functions in replication or translation (Blyn et al., 1997; Parsley et al., 1997; Walter 
et al., 2 0 0 2 ).
As in the case o f type I IRES elements, the HAV IRES is also stimulated by PCBP2 
(Graff et al., 1998). The 5’ UTRs o f cardio- and aphthoviruses have been shown to 
contain binding sites for PCBP2. However, the binding does not have any appreciable 
effect o f type II IRES-mediated translation (Walter et al., 1999; Stassinopoulos and 
Belsham, 2001). However, it cannot be excluded that PCBP2 plays a role in cardio- 
and aphthovirus replication.
1.12.5 ITAF45
ITAF45 is a proliferation-dependent protein found in the cytoplasm. Its expression is 
upregulated in response to mitogen stimulation and it is not detected in 
nonproliferating differentiated cells (Radomski and Jost, 1995; Lamartine et al.,
1997). ITAF45 was discovered during studies o f the factor requirements for 
translation initiation on the TMEV and FMDV IRES elements. ITAF45 was identified 
among the proteins o f RRL origin that bind to the FMDV IRES (Pilipenko et al.,
2000). It was shown that ITAF45, in combination with PTB, is required for FMDV 
IRES activity due to their stabilising effect on eIF4G-eIF4A binding to the IRES. Like 
PTB, ITAF45 binds to the FMDV IRES and induces localised structural changes 
(Pilipenko et al., 2000). ITAF45 does not affect the activity o f the TMEV IRES 
(Pilipenko et al., 2000).
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1.12.6 Nucleolin
Nucleolin (also known as C23) is a 110 kDa protein found mainly in the nucleolus, 
but is known to shuttle to the cytoplasm (Borer et al., 1989). It is implicated in 
different functions, among which are rRNA transcription and maturation (reviewed in 
Ginisty et al., 1999; reviewed in Lo et al., 2006). PV infection has been shown to 
promote nucleolin translocation to the cytoplasm (Waggoner and Samow, 1998). 
Nucleolin was first shown to bind to the 3 ’UTR o f PV and be involved in PV 
replication. It may act as an RNA chaperone to promote a replication-competent 
conformation o f the RNA (Waggoner and Samow, 1998). Later, a role for nucleolin 
in PV IRES-mediated translation was suggested when nucleolin was shown to bind to 
the 5’UTR of PV. A functional role was suggested when addition o f purified 
nucleolin stimulated IRES-mediated translation in vivo and in vitro (Izumi et al., 
2001).
1.13 Internal initiation on Flaviviridae mRNA
Hepaciviruses (i.e. Hepatitis C vims, HCV), Pestiviruses (i.e. Classical swine fever 
vims, CSFV; Bovine Viral Diarrhoea vims, BVDV) and GB vims B (GBV-B) are 
members o f the Flaviviridae family. They are enveloped vimses with a genome o f 
ssRNA. HCV, CSFV, BVDV and GBV-B have been shown to posses an IRES 
element in their 5 ’UTRs that presents distinct features compared to the picomavims 
IRES elements (Tsukiyama-Kohara et al., 1992; Poole et al., 1995; Rinjnbrand et al.,
2000). The HCV IRES element is the prototype o f this class o f IRES elements.
1.13.1 The HCV IRES element
The HCV 5’UTR is highly structured and is 340 nt long. Interestingly, the boundaries
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o f the IRES have been mapped to nt 40-370. Therefore, the HCV IRES includes the 
AUG initiation codon (nt 341-3) and extends into the viral coding region (Brown et 
al., 1992; Wang et al., 1993; Reynolds et al., 1995). Structural analysis revealed that 
the HCV 5’UTR folds into 4 domains (I-IV; Figure 1.8). The IRES is found in 
domain II-IV and the AUG initiation codon is found in domain IV (Honda et al., 
1996; Reynolds et al., 1996; Zhao and Wimmer, 2001). The HCV IRES binds directly 
to the 40S ribosomal subunit and requires only eIF3 and eIF2 to assemble a functional 
preinitiation complex (Pestova et al., 1998; Kieft et al., 2001a). Most o f the HCV 
IRES is involved in interactions with the 40S subunit, while only domain III (i.e. 
subdomains Illa-IIIc) interacts with eIF3 (Pestova et al., 1998; Kieft et al., 2001b). 
The structure o f the HCV IRES-40S complex has been solved by cryo- 
electronmicroscopy. It was shown that the HCV IRES induces a conformational 
change in the 40S subunit in the region of the mRNA-binding cleft. Domain II o f the 
HCV IRES is involved in this change through interactions with the E site region o f 
the 40S subunit (Spahn et al., 2001). The HCV IRES-40S subunit complex is believed 
to assemble first and to be followed by the joining o f eIF3 and formation o f a 
preinitiation complex (Otto and Puglisi, 2004). The current model o f the HCV IRES- 
40S subunit-eIF3 complex involves extensive interactions o f eIF3 with the 40S 
subunit. However, the HCV IRES is responsible for holding together eIF3 and the 
40S subunit (Siridechadilok et al., 2005). Interestingly, the structure of the HCV 
IRES-40S subunit-eIF3 complex is similar to that of the 40S subunit-eIF3-eIF4G 
complex. This suggests that the HCV IRES and eIF4G might have a similar function 
in anchoring the mRNA to the 40S subunit (Siridechadilok et al., 2005).
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Figure 1.8 Secondary and tertiary  structu re of the HCV 5’UTR. The HCV IRES 
comprises nt 40-340, that correspond to domain II-IV. A predicted pseudoknot within 
domain III (subdomain Illf) is indicated by solid lines. The initiation codon is found 
within domain IV of the IRES and is highlighted. Adapted from Honda et al., (1996).
52
1.14 Internal initiation on Dicistroviridae mRNA
The Dicistroviridae are a group of insect viruses previously referred to as “Cricket 
paralysis-like” viruses or insect picoma-like viruses, because o f the similarities with 
the mammalian picomaviruses (D ’Arcy et al., 1981; Mayo, 2002). Members o f the 
typifying genus Cripavirus are Cricket paralysis virus (CrPV), Drosophila C virus 
(DCV), Plautia stali intestine vims (PSVI), Triatoma vims (TrV), Taura syndrome 
vims (TSV) and Rhopalosiphum padi vims (RhPV). Dicistrovimses infect a wide 
range o f insects, including aphids, honeybees and Drosophila (reviewed in Jan, 2006). 
Like the mammalian picomaviruses, the Dicistroviridae have a genome that consists 
o f a single plus-strand RNA with a genome-linked protein at the 5 ’ end and poly(A) 
residues at the 3 ’ end (Eaton et al., 1980; King et al., 1988). What makes them 
different from the mammalian picomavimses is the organisation o f the genome. The 
picomavims RNA contains a single ORF encoding a polyprotein that is processed 
post-translationally. The stmctural proteins are generated from the 5 ’ end and non- 
stmctural proteins from the 3’ end. The dicistrovims RNA contains two ORFs, each 
one encoding a polyprotein: the 5’ ORF encodes the precursor o f the non-stmctural 
proteins, while the 3’ ORF encodes the stmctural proteins (Figure 1.9; Johnson and 
Christian, 1998; Moon et al., 1998; Domier et al., 2000). Also different from the 
mammalian picomavimses are the amounts o f stmctural and non-stmctural proteins 
produced. While the mammalian picomavimses produce equimolar amounts o f the 
two types o f proteins, the insect picoma-like vimses produce the stmctural proteins in 
greater quantities than the non-stmctural. Therefore, this results in a large availability 
o f the building blocks of the viral particle and only few copies o f the viral enzymes. 
This differential expression suggested the presence o f different translation initiation 
sites and mechanisms (Moore et al., 1980, 1981). What shed light on these
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mechanisms was the analysis of the 5’UTR and Intergenic Region (IGR) o f Cricket 
paralysis virus. The CrPV 5’UTR, which precedes ORF1, has some features 
characteristic o f the mammalian picomaviruses; it is very long (709 nt) and contains 
many AUGs and stop codons, and it was shown to be able to direct initiation o f 
translation via an IRES element (Wilson et al., 2000a). The IGR also contains an 
IRES element. However, the CrPV IGR IRES is much shorter than the picomavirus 
IRES elements, being only 192 nt long. Also, the characterisation o f the IGR IRES 
element revealed that it is distinct from the 5 ’ Dicistroviridae IRES elements and the 
picomavims IRES elements (Section 1.14.1; Wilson et al., 2000a). In addition to 
CrPV, other members o f the Dicistroviridae family have been found to contain an 
IRES element upstream of both ORFs, including the 5’UTRs and the IGRs o f PSIV 
and RhPV, the 5 ’UTR o f TrV and the IGR o f TSV (Domier et al., 2000; Sasaki and 
Nakashima, 2000; Woolaway et al., 2001; Cevallos and Samow, 2005; Czibener et 
al., 2005, 2006).
1.14.1 Dicistrovirus IGR IRES elements
The IGR IRES elements have attracted much attention because of their striking ability 
to recmit ribosomes without the need for any o f the elFs (Jan and Samow, 2002; 
Pestova et al., 2004: Costantino and Kieft, 2005). Even the ternary complex eIF2- 
GTP-Met-tRNAi is dispensable, because initiation occurs at a non-AUG codon 
(Sasaki and Nakashima, 1999; Wilson et al., 2000b). Indeed, purified 40S and 60S 
ribosomal subunits are able to form a translationally competent complex on the IGR 
IRES (Jan et al., 2003). It has been suggested that the 40S subunit is recmited before 
the 60S (Jan et al., 2003). However, the IGR IRES elements are also able to recruit 
preformed 80S ribosomes (Pestova et al., 2004). Therefore, the ability o f using both
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the 40S+60S and the 80S pathways may have represented a selective advantage for 
the virus.
The ability o f the IGR IRES to function in the absence o f initiation factors is related 
to the presence o f direct contacts between the ribosome subunits and the IRES. 
Secondary and tertiary structure analyses revealed that the IGR IRES elements of 
PSIV and CrPV fold into three overlapping pseudoknots (PK) and many stemloops 
(SL), which result in a highly compact structure (Figure 1.10; Jan and Samow, 2002; 
Pfingsten et al., 2006). PKII and PKIII represent a prefolded surface that makes direct 
contacts with the 40S subunit. Specifically, the interaction sites are represented by 
two IRES stemloops, SLIV and SLV, and the small ribosomal protein S5 (Jan and 
Samow, 2002; Spahn et al., 2004; Pfingsten et al., 2006). At the opposite side o f these 
SLs, a loop (L l.l)  and a short paired stretch o f nt (P l.l)  are the contact sites with the 
60S ribosomal subunit. Their relative positions are poorly ordered and are thought to 
be stabilised only upon binding o f the 60S subunit (Pfingsten et al., 2006). 
Interestingly, the IRES interacts with the 60S subunit at the same sites as the tRNA, 
suggesting that the IRES mimics the tRNA. L l . l  and P l . l ,  along with SLIV and 
SLV, appear to be the only contact sites with the 60S and 40S subunits, respectively. 
Therefore, it is not surprising that they are highly conserved and that mutations in 
these regions prevent 40S and 60S subunit binding (Pfingsten et al., 2006). In 
addition, the IGR IRES binding sites on the ribosomes are highly conserved across 
species, consistent with the IGR IRES activity in different eukaryotic systems, 
including insect, mammalian and plant systems (Wilson et al., 2000a; Masoumi et al., 
2003). Overall, it emerges that the compact structure o f the IGR IRES occupies the E, 
P and A sites o f the ribosome. Specifically, PKII and III are involved in “tricking” the 
ribosome into having the P site occupied by a Met-tRNAj, and PKI positions the non-
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Figure 1.10 Secondary and te rtiary  s tructu re of the C rPV  IGR IRES element.
The IGR IRES element of CrPV is predicted to adopt a structure in which three 
pseudoknots (PKI, II and III) are the main secondary structures. PKI occupies the P 
site of the ribosome and contributes to positioning the initiation codon (GCU) in the A 
site. Ala is alanine and Thr is threonine. The stemloops IV and V (SLIV and SLV) are 
involved in the contacts with the 40S ribosomal subunit. The loop 1.1 (L l.l)  and the 
paired region 1.1 (P l.l)  are involved in the contacts with the 60S ribosomal subunit. 
The numbering of SLIV, SLV, L l.l and P l.l  is according to Pfingsten et al., (2006). 
Adapted from Jan and Samow, (2002).
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AUG initiation codon in the A-site (Pestova et al., 2004; Spahn et al., 2004). The 
ribosome is therefore assembled directly in an elongation-competent conformation. 
However, since there is no tRNA in the P site o f the ribosome and therefore no 
peptide bond occurs, the first translocation event is thought to be different from the 
canonical event. It has been suggested that what is strictly necessary for the first 
translocation event is the presence o f a tRNA, or tRNA-like IRES structure, in the P 
site, and not the actual formation o f a peptide bond (reviewed in Jan, 2006).
1.14.2 Dicistrovirus 5’ IRES elements
The 5’ UTRs o f four dicistroviruses have been shown to contain an IRES element 
(Wilson et al., 2000a; Woolaway et al., 2001; Czibener et al., 2005; Shibuya and 
Nakashima, 2006). In contrast to the IGR IRES elements, the 5’ IRES elements do not 
show a high level o f conservation o f structure or sequence. This is stressed by the 
different tropisms exhibited by the 5 ’ IRES elements.
The 5 ’IRES element from the PSIV genome has been shown to function solely in 
lysates o f insect origin, and is not active in the RRL and WGE systems. The 5’UTR is 
507 nt long and the IRES is found between nt 225 and 570. The sequence is high in 
G/C content (43%), which predicts the formation o f strong structures. Indeed, 
chemical probing and secondary structure predictions revealed that the IRES folds 
into many stem loops and a pseudoknot (Shibuya and Nakashima, 2006). The 
elFs/ITAF requirements have not yet been investigated.
The CrPV 5’IRES functions in a variety o f insect cells and also in the RRL system 
(Wilson et al., 2000a; Masoumi et al., 2003). In contrast to the CrPV IGR IRES, the 
5 ’IRES is not active in the WGE system (Wilson et al., 2000a). The boundaries o f the 
IRES and the secondary structures within the 709 nt long 5’UTR have not been
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investigated, nor have the elFs/ITAF requirements.
The TrV 5’IRES has been investigated solely in cells and not in lysates (i.e. RRL, 
WGE, insect lysates). The TrV IRES functions in insect cells (mosquito C6/36), in 
mammalian cells (BHK) and also in Xenopus oocytes. Therefore, the IRES appears to 
have a wide tropism, in contrast to the PSIV 5 ’ IRES. A preliminary analysis o f the 
elF/ITAF requirements has been conducted by adding Triatoma infestans proteins to 
Xenopus oocytes. This did not result in any IRES stimulation, suggesting that the TrV 
IRES has a minimum requirement for host cell factors (Shibuya and Nakashima,
2005). As in the case o f the CrPV 5’IRES, the boundaries o f the TrV 5 ’IRES and the 
secondary structure within the 549 nt long 5’UTR have not been investigated.
The 5’IRES of RhPV is the most studied to date and displays the widest tropism o f all 
the 5 ’IRES elements. It is able to function in RRL, WGE and insect lysate systems 
and in a variety o f insect cells. It also appears to have simplified requirement for elFs 
and it is thought to have very limited secondary structure compared to the 
picomavirus IRES elements (Section 1.15).
Overall, the studies on the 5 ’IRES elements suggest that these IRES elements do not 
share a common mechanism o f action, in contrast to the IGR IRES element and the 
picomavirus IRES types.
1.15 The Rhopalosiphumpadi virus 5’IRES elem ent
The 5’UTR of RhPV is 579 nucleotides long and is uncapped. It contains three AUG 
codons, the last one being used as the initiation site for ORF 1 (nt 580; Moon et al.,
1998). Many stop codons are also scattered along the UTR. The 5 ’UTR has been 
shown to contain an IRES element, which is efficient in mammalian, plant and insect 
translation systems, represented by the RRL, WGE, Drosophila melanogaster embryo
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extracts, Spodoptera frugiperda 21 cells and their cell-free lysates (Woolaway et al., 
2001; Kohl et al., 2004; Royall et al., 2004). Preliminary analysis o f the boundaries o f 
the IRES revealed that large deletions o f the 5’UTR did not affect IRES activity 
(Woolaway et al., 2001).
Analysis o f the secondary structure and o f the requirement for elFs in the RRL system 
has been performed. Chemical and enzymatic RNA secondary structure probing 
revealed that the 5’ end o f the IRES contains well-defined stem-loop structures that 
are probably involved in replication, while the 3 ’ end o f the IRES is in a single­
stranded conformation (Terenin et al., 2005). Assembly and analysis o f the 48S 
translation complex was performed by toe-printing analysis using purified 40S 
subunits and elFs. The initiation factors necessary for assembly of a 48S complex on 
the RhPV 5’IRES are eIF2, eIF3 and, unlike picomaviruses (aphtho- and 
cardioviruses) e lF l. The dependence on this factor, which is responsible for scanning, 
and the single stranded conformation suggest that the 43 S pre-initiation complex 
initially binds to a region within the 5 ’UTR and then scans along the IRES to locate 
the initiation codon. The initiation factors eIF4G and eIF4A along with ATP stimulate 
this process, but in their absence some formation of the 48S complex still occurs. 
Consistent with the absence o f secondary structure, the presence o f eIF4B did not 
enhance initiation o f translation. The model that arises from these data presents the 
40S ribosomal subunit with the single-stranded IRES in its mRNA-binding cleft, in an 
interaction mediated by eIF3; the necessary presence of elFl then stimulates scanning 
until the AUG is located (Terenin et al., 2005).
The definition o f the minimal RhPV IRES sequence, the identification o f known 
and/or unknown ITAFs are among the aims o f this thesis.
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1.16 Internal initiation on Iflavirus mRNA
1.16.1 Iflaviruses
Iflaviruses are another group o f ssRNA viruses that infect insects, including 
honeybees and wasps. They had initially been classified as insect picoma-like viruses 
alongside the Dicistroviridae (Mayo, 2002). Currently, Iflaviruses represent a genus 
that is yet unassigned to a family. They include seven species; Deformed Wing Virus 
(DWV), Ectropis-obliqua Picoma-like Vims (EoPV), Infectious Flacherie Vims 
(IFV), Kakugo Vims (KV), Perina nuda Picoma-like Vims (PnPV), Sacbrood vims 
(SBV) and Varroa Destmctor Vims 1 (VDV-1; Christian et al., 2002). Their genome 
organisation resembles that o f the mammalian picomavimses. A single ORE is 
translated from the viral RNA and encodes the structural proteins in the 5’ end and the 
non-stmctural at the 3 ’ end. The ORF is flanked by UTRs (Figure 1.11). The 5’UTRs 
vary in size; the 5’ UTR of IFV is only 156 nt long (Isawa et al., 1998), while the 5 ’ 
UTRs o f EoPV and PnPV are 390 nt and 474 nt long, respectively (Wu et al., 2002; 
Lu et al., 2006). DWV, KV and VDV-1 are closely related and contain much longer 
5 ’ UTRs, of 1140, 1156 and 1117 nt, respectively (Fujiyuki et al., 2004; Ongus et al., 
2004; Lanzi et al., 2006). The similarities with the mammalian picomavimses, 
especially the presence o f long UTRs with multiple AUG codons, have suggested the 
presence o f an IRES element that directs translation o f the Iflavirus ORF. Indeed, this 
is the case for EoPV and VDV-1 (Lu et al., 2006; Ongus et al., 2006).
1.16.2 Iflavirus IRES elements
The IRES from the EoPV genome functions in insect cells (5/21) and in the RRL 
system. The IRES has been predicted to fold into eight domains (A to G) that are 
reminiscent of type II picomavims IRES elements. The 5’ UTR also includes a
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polypyrimidine region (nt 333-338). However, this polypyrimidine tract is not 
necessary for IRES activity and is found outside o f the core IRES sequence, which 
has been mapped to nt 63-178 (Lu et al., 2006). Interestingly, the minimal IRES 
sequence o f EoPV is much shorter than that o f the mammalian picomavirus IRES 
elements (reviewed in Belsham and Jackson, 2000).
The VDV-1 IRES has also been shown to function in insect cells (5/21 and Ld652Y), 
but it is not active in Drosophila S2 cells. The 5 ’UTR o f VDV-1 and o f the closely 
related DWV has been analysed for secondary structure prediction. It emerges the two 
5 ’UTRs form conserved structural motifs in their first two thirds, up to nt 800 nt. 
However, in the last 300 nt no structures could be predicted with high probability. 
Additionally, the higher A/U content at the 3’ end o f the IRES correlates with these 
findings (Ongus et al., 2006). This is reminiscent of the RhPV IRES (Moon et al., 
1998; Terenin et al., 2005). It would be interesting to investigate if  the structured 
regions in the 5’end o f VDV-1 and DWV are part of the IRES, or if  the 3’ end A/U 
rich regions are the functional regions o f the IRES, as in the RhPV 5’IRES 
(Woolaway et al., 2001; Terenin et al., 2005).
KV, although strictly related to DWV, was not included in the study conducted by 
Ongus et al. (2006). It has been suggested that the high overall sequence identity o f 
DWV and KV, 98%, should justify the classification o f the two viruses as strains of 
the same honeybee-infecting virus. However, the symptoms are very distinct and 
DWV causes symptoms in different parts of the body. Symptoms include deformity in 
the wings, bloated abdomens, paralysis and shortened life span (Rortais et al., 2006). 
Correspondingly, the viral RNA can be detected in a variety o f organs, suggesting a 
systemic infection (Lanzi et al., 2006). Conversely, the only symptom associated with 
KV infection affects the behaviour of the honeybees that become highly aggressive.
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This is consistent with the presence o f the KV RNA almost exclusively in the head 
(Fujiyuki et al., 2004).
Interestingly, DWV and KV are more divergent in their 5’UTRs than in their coding 
regions. The DWV 5’UTR contains a deletion o f 11 nt and other minor 
insertion/deletions along the 5’UTR (Lanzi et al., 2006). It is possible that two slightly 
different IRES elements are responsible, at least in part, for the different tropism and 
hence symptoms o f the two viruses.
1.17 Internal initiation on cellular mRNAs
The presence o f  IRES elements in cellular mRNAs was first suspected when it was 
noticed that some cellular proteins are translated during poliovirus infection when 
cap-dependent translation is inhibited (Samow, 1989). The first cellular IRES was 
identified in the mRNA of the immunoglobulin heavy-chain binding protein, BiP 
(Macejak and Samow, 1991). Since then, many cellular IRES elements have been 
found in mRNAs encoding proteins associated with different cell events. These 
include growth/cancer, mitosis and apoptosis (reviewed in Elroy-Stein and Merrick, 
2007). Examples are the fibroblast growth factor 2 (FGF2; Vagner et al., 1995), the 
mitotic protein PITSLRE kinase (Comelis et al., 2000; Tinton et al., 2005), the X- 
linked inhibitor o f apoptosis, XIAP (Holcik et al., 1999), the apoptotic pro tease- 
activating factor 1 (Apaf-1; Coldwell et al., 2000), the oncogene c-myc (Nanbu et al., 
1997; Stoneley et al., 1998) and the tumour suppressor p27 (Kullmann et al., 2002). 
Like the viral IRES elements, cellular IRES elements are generally found in long 
5 ’UTRs. However, in contrast to the viral mRNAs, the cellular mRNAs that contain 
IRES elements also possess a cap structure at their 5 ’ end.
Chemical and enzymatic RNA structure probing has been performed on some cellular
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IRES elements, including c-myc and Apaf-1 (Le Quesne et al., 2001; Mitchell et al.,
2003). These studies revealed that there is no conservation o f  structural domains 
among the cellular IRES elements, in a similar way to the different types of 
picomavirus IRES elements (reviewed in Belsham and Jackson, 2000). However, in 
contrast to the viral IRES elements, the cellular IRES elements appear to tolerate 
small deletions and point mutations (reviewed in Stoneley and Willis, 2004). This 
suggests that the structure o f the cellular IRES elements is more flexible than that of 
the picomavirus IRES elements. It has also been reported that the mechanism o f the 
cellular IRES o f Gtx, from the Gtx mRNA that encodes a homeodomain protein, and 
o f Rbm3, from the Rbm3 mRNA that encodes a putative RNA-binding protein, 
involve conserved short nt repeats that give a modular character to the IRES. 
Interestingly, one o f these sequences is complementary to the 18S rRNA, suggesting a 
direct interaction between the IRES and the 40S subunit. However, multiple copies of 
the conserved nt repeats (5-10) are required for efficient IRES activity (Chappell et 
al., 2000; Chappell and Mauro, 2003; Dobson et al., 2005).
As in the case o f the picomavims IRES elements, some cellular IRES elements are 
stimulated by ITAFs. PTB and Unr have been shown to bind to the Apaf-1 IRES and 
increase its activity (Mitchell et al., 2001). Binding o f these ITAFs promotes a change 
in the IRES conformation. In particular, Unr promotes unwinding o f two regions of 
the IRES. One is the Unr-binding site itself. The other one is further downstream, 
where the PTB binding site is located. The overall disruption o f secondary structures 
induced by the ITAFs favours the recmitment of the translational machinery (Mitciell 
et al., 2003). However, it is has to be noted that PTB appears to have an inhibitory 
effect on the BiP IRES, suggesting that ITAFs might negatively affect internal 
initiation (Kim et al., 2000).
6 5
Cellular IRES elements have been related to a specific disease (reviewed in Elroy- 
Stein and Merrick, 2007). Recently, Yoon et al. (2006) showed that the aetiology of 
X-linked Dyskeratosis Congenita (X-DC), which is characterised by increased 
susceptibility to cancer, resides in the inability o f the ribosome to assume a 
conformation that is competent o f IRES binding. Specifically, the lack o f a functional 
copy o f a pseudouridine synthase (DKC1) prevents a modification o f ribosomal RNA 
that results in low affinity for IRES elements. Therefore, in patients affected by X- 
DC, the ribosomes are not able to efficiently take part in IRES-mediated translation. 
As a result, the IRES-containing mRNAs o f the tumour suppressor p27, and the pro- 
apoptotic XIAP and bcl-xL are not efficiently translated. The lack o f the 
corresponding proteins result in the increased susceptibility to cancer associated with 
X-DC (Yoon et al., 2006).
1.18 IRES elements in biotechnology
In many situations in which transgenesis is used, co-expression of more than one 
protein is needed or, at least, preferable. In fact, one gene can be used to monitor the 
expression o f the other, therefore acting as a marker. Simultaneous delivery o f two 
genes can be achieved in different ways, such as co-transfection o f two plasmid 
vectors or transfection o f one plasmid vector that encodes two genes o f interest 
(GOIs). In the first case, the two genes are carried independently by two vectors and 
their transcription results in two separate mRNA molecules. In the second case, the 
two genes are present in the same vector, and positioned under the control o f two 
different promoters that direct transcription independently, therefore producing two 
separate mRNA molecules. Both these methods present difficulties; co-transfection 
does not ensure that expression of one gene, i.e. the easily detectable marker,
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necessarily involves the expression o f the other, and the use o f dual promoter vectors 
can result in transcriptional interference, thus affecting the expression o f at least one 
gene (reviewed in Martinez-Salas, 1999). The use o f IRES-containing dicistronic 
vectors o f the form promoter-GOIl-IRES-GOI2 overcomes all o f the above problems 
and presents the additional advantage o f allowing translation o f the GOI2 when cap- 
dependent translation is inhibited (reviewed in Martinez-Salas, 1999). Also, different 
molar amounts of proteins produced from IRES elements and cap-dependent 
translation can represent an advantage. For example, in the case o f monoclonal 
antibody production, the optimal ratio o f heavy chain (HC) and light chain (LC) 
polypeptides is <1:2. Protein synthesis o f HC and LC from a dicistronic vector 
containing the EMCV IRES has been shown to be within this range (Schlatter et al., 
2005; Li et al., 2007).
Like plasmid vectors, viruses are naturally compact and efficient delivery systems o f 
nucleic acids. However, they possess additional advantages at different levels. Viruses 
can enter host cells via a receptor-mediated mechanism, which involves specific 
binding of a viral attachment protein to a cellular receptor. Therefore, virus delivery is 
independent from transfection procedures. Depending on the entry mechanism and 
receptor distribution, virus tropism ranges from high preference for a specific cell 
type to more relaxed requirements. This results in a wide choice o f viruses for 
applications both in vitro and in vivo. For example, in cancer gene therapy, delivery of 
a killer gene has to be specific for tumour cells. Therefore, a viral vector developed 
from a virus with precise targeting is more suitable in this context. Vectors derived 
from the Sindbis virus (Alphaviruses) have been used to selectively deliver a killer 
gene to cancer cells. This is due to the laminin receptor used by Sindbis virus, which 
is especially abundant on transformed cells (Tseng et al., 2004, 2006; Sections 1.19
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and 1.19.1). On the other hand, generation o f a flexible tool for general applications in 
cell culture can take advantage o f the wide tropism o f viruses like the vaccinia virus 
(Poxviruses). Vaccinia virus carrying the T7 RNA polymerase sequence is widely 
used in transient transfection methods (Fuerst et al., 1986; reviewed in Mohamed and 
Niles, 2004; Section 2.22.1).
In addition, the advantage o f viruses for gene delivery resides in their ability to self- 
replicate and spread to uninfected cells, resulting in amplification o f the original 
inoculum.
Viral vectors have been generated from different viruses, including Adenoviruses, 
Retroviruses and Herpesviruses. Vectors are usually generated by deleting viral genes 
encoding structural proteins and replacing them with a GOI. Alternatively, the 
modification consists o f simple addition o f a transcriptional unit o f the form 
promoter-GOI. Although overall this results in a coding capacity higher than that o f 
plasmids, these methods are still limited to the expression o f a single protein from 
each transcriptional unit. Also, if  viral proteins are deleted, successful viral spread is 
dependent on co-delivery o f structural proteins (reviewed in Zhang and Godbey, 
2006; Osten et al., 2007). As in the case o f plasmid vectors, IRES elements have been 
used to increase the coding capacity o f viral vectors (Section 1.18.1; reviewed in 
Martinez-Salas, 1999).
1.18.1 IRES elements and viral vectors
1.18.1.1 Adenovirus vectors
Picomavirus type II IRES elements have been used in viral vector development more 
often than type I elements. This is due to the high efficiency o f these elements in a 
wide range o f cell types (reviewed in Belsham and Jackson, 2000). Wu et al. (2003)
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have used the FMDV IRES in conjunction with an adenovirus-based vector to 
develop a FMDV vaccine. Adenovirus vectors are attractive for vaccine development 
because o f their high immunogenic potential, broad tropism, large packaging capacity 
(up to 7.5 kb) and ease o f production on a large scale (reviewed in Barouch, 2006; 
reviewed in Osten et al., 2007). Adenovirus vectors are generated by deletions of the 
early protein 1 (E l) from the dsDNA genome, which results in replication-defective 
vectors. The GOI is inserted in place o f the E l sequence. By deleting a limited 
amount o f the viral genome, this method maintains the majority o f the viral proteins 
that are responsible for a strong immune response desirable in vaccine development 
(reviewed in Barouch, 2006). This type o f adenovirus vector, expressing the FMDV 
capsid protein, has been used to confer immunity against FMDV in swine. However, 
FMDV is present in multiple serotypes and each requires the development of a 
separate adenovirus vaccine vector (Mayr et al., 2001; Moraes et al., 2002). Wu et al. 
(2003) used the FMDV IRES to enhance the coding capacity o f an adenovirus vector 
by including a transcription unit o f the form o f GOI-FMDV IRES-GOI2. In this case, 
the GOIs were capsid proteins from two FMDV strains. This resulted in co-expression 
o f the capsid proteins from two distinct FMDV strains and, therefore, resulted in a 
single vaccine that conferred protection against two distinct FMDV strains (Wu et al.,
2003).
Adenovirus vectors have also been studied as oncolytic agents for cancer treatment 
As viral vectors they have the potential o f being selective killers. Taking advantage of 
the receptor-mediated viral entry, the viral ligand can be engineered to bind to specific 
onco-receptors (reviewed in Benihoud et al., 1999). Alternatively, the E l region can 
be mutated to allow replication only in tumour cells, resulting in conditionally 
replicative adenoviruses (CRAds; Heise et al., 2000). However, the anti-tumour effect
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o f adenoviruses can be enhanced by co-expression o f a pro-apoptotic, a tumour 
suppressor, or an immuno-modulator gene. Alternatively, co-expression o f a marker 
gene, such as a fluorescent protein, would monitor CRAds and oncolysis. To meet 
these needs, Rivera et al. (2004) developed a CRAd containing the EMCV IRES. By 
cloning a cassette o f the form EMCV IRES-GOI downstream o f an adenovirus protein 
sequence within the vector, efficient expression o f the heterologous gene was 
achieved.
1.18.1.2 Baculovirus vectors
The EMCV IRES has also been studied in conjunction with a baculovirus-based 
vector. Baculoviruses are invertebrate-infecting viruses with a dsDNA genome o f 130 
kb. The appeal o f baculoviruses as protein expression vectors resides in the high 
efficiency o f the polyhedrin promoter. This promoter directs the transcription o f the 
mRNA. Polyhedrin aggregates around viral particles to provide protection for extra­
cellular survival o f the virus.. Therefore, baculovirus vectors are generated by deleting 
the polyhedrin gene, and replacing it with the GOI. This is especially advantageous 
when large amounts o f recombinant proteins are required, often specifically in in vitro 
systems (reviewed in Hu, 2005). As in the case o f the vaccinia virus example 
described above (Section 1.18), a baculovirus carrying the T7 RNA polymerase gene 
is widely used in transient transfection of insect cells (van Poelwijk et al., 1995; 
Section 2.23). Like adenovirus vectors, the coding capacity o f baculovirus-based 
vectors can be enhanced by cloning a cassette o f the form GOI1-IRES-GOI2 
downstream of the polyhedrin promoter. The EMCV IRES was tested in this context 
(Finkelstein et al., 1999). However, although baculovirus vectors function in 
mammalian cells (reviewed in Hu, 2005), Finkelstein et al. (1999) analysed the
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EMCV IRES-containing vector in the natural host o f the baculovirus, insect cells. Not 
surprisingly, the EMCV IRES was not able to direct expression o f the downstream 
gene in an insect system. The RhPV 5TRES was later successfully used in a 
baculovirus system (Pijlman et al., 2006). Interestingly, in this case the IRES was not 
introduced to increase the coding capacity o f the vector, but to maintain high protein 
production over time. Baculovirus vectors are mainly used for extensive production of 
recombinant proteins in vitro. A major problem of this system is the sharp decrease of 
protein production with increased viral passage due to the loss o f the heterologous 
gene (Krell, 1996). To overcome this problem, Pijlman et al. deleted the essential 
protein GP64 from the baculovirus vector and inserted a functional GP64 gene within 
a cassette of the form GOI-IRES-GP64 under the control of the polyhedrin promoter. 
In this way, a selective pressure to retain the GOI was applied by coupling its 
expression with an essential baculovirus protein (Pijlman et al., 2006).
1.19 A lphavirus-based vectors
Alphaviruses (Togaviridae) replicate in both vertebrates and invertebrates and can 
infect a variety of cell types, including HeLa cells, Baby Hamster Kidney cells 
(BHK), human foetal neurons and mosquito cells. They are enveloped viruses, whose 
genome consists o f a single-stranded positive sense RNA molecule, capped at the 5’ 
end and polyadenylated at the 3 ’ end. The genome encodes the non-structural proteins 
in the first two thirds (nsl-4), while the last third encodes the structural proteins 
(capsid, PE2, 6 K and E l; F igure 1.12). Soon after infection, the non-structural 
proteins are translated, being required for viral RNA amplification. RNA replication 
occurs via synthesis o f a full-length minus intermediate, that acts as template for more 
genome-length RNA and also for the transcription o f a subgenomic RNA (positive
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sense). This RNA molecule is transcribed from an internal promoter (subgenomic 
promoter, SGP), and encodes the structural proteins (reviewed in Frolov et al., 1996). 
The genome organization and the broad host cell range make alphaviruses a 
convenient starting point for the development o f expression vectors (reviewed in 
Frolov et al, 1996; Schlesinger, 2000). In the case o f the prototype member o f the 
alphaviruses, Sindbis virus (SINV), a viral expression system was developed by 
replacing the SINV 3 ’ ORF, which encodes the structural proteins, with a 
heterologous gene (initially CAT; Xiong et al., 1989; F igure 1.12). The 5’ ORF, 
which encodes the non-structural proteins, and the SGP were maintained. Since this 
type o f replicon is unable to express the structural proteins, it is unable to generate 
viral particles and therefore cannot spread to uninfected cells. The development of 
defective helper RNAs (DHRNAs) that allow efficient packaging o f RNA replicons 
have been shown to overcome this problem. DHRNAs, which contain the structural 
protein genes downstream o f the SGP, are co-transfected and provide the structural 
proteins in trans (Bredenbeek et al., 1993; reviewed in Schlesinger, 2000). An 
additional advantage o f alphavirus vectors is represented by the lack of a nuclear step. 
The SINV-based replicons consist o f RNA and undergo cytoplasmic mRNA 
transcription, avoiding the risk o f splicing, which occurs only in the nucleus. Also, 
alphavirus vectors have a large gene capacity, being able to carry heterologous genes 
as large as 5 kb (reviewed in Lundstrom, 2005).
Kamrud et a l  (1995) showed that an alphavirus-based expression system is effective 
for delivery and for very efficient long-term expression o f heterologous proteins in 
mosquitoes and mosquito cells. More recently, Kamrud et al. (2007) investigated the 
use o f the EMCV IRES in combination with an alphavirus vector based on the 
Venezuelan equine encephalitis virus (VEE). A cassette o f the form spacer-EMCV
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IRES-GOI was cloned downstream o f the SGP. Interestingly, this system was not 
used to increase the coding capacity o f the vector, but to modulate heterologous 
protein expression. Firstly, the presence o f an IRES in this system allows translation 
o f the GOI when cap-dependent translation is inhibited. Also, the SGP guarantees 
robust amplification o f the IRES-containing RNA, generating a large population of 
translationally-competent mRNAs. Secondly, modification o f the length o f the spacer 
region upstream of the IRES resulted in modulation o f the IRES activity. This is not 
surprising, since modification o f the RNA sequence around an IRES can result in 
secondary structures that affect the IRES itself, either positively or negatively 
(reviewed in Belsham and Jackson, 2000). However, in the context o f  a viral vector, 
this can increase the applications o f the vector. Indeed, if  the GOI is a cytotoxic 
protein, a spacer region that decreases the efficiency of the IRES is preferable, and 
GOI expression can be sustained for long periods. Conversely, if  the GOI is an 
immunogenic protein, the spacer region that allows optimal IRES activity is 
preferable because it allows an efficient immunogenic response (Kamrud et al., 2007).
1.19.1 Sindbis virus-based vectors
The first Sindbis virus-based vector for gene expression was generated in 1989 by 
Xiong et ah. Since then Sindbis virus vectors have been developed and used to 
express heterologous genes in a variety o f in vitro systems, including neurons, and 
have shown promising in vivo applications in anti-cancer strategies and vaccine 
development (reviewed in Lundstrom, 2005).
Sindbis virus is an ideal candidate as a tool in cancer gene therapy because it naturally 
infects tumour cells and induces apoptosis (Tseng et ah, 2004a and b; reviewed in 
Lundstrom, 2005; Hurtado et ah, 2006). The specific tumour targeting is due to the
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high affinity o f the vims for the laminin receptor (LAMR; Wang et al., 1992). LAMR 
is highly upregulated in numerous human cancers, including breast, ovarian and liver 
cancers (Martignone et al., 1993; van der Bmle et al., 1996; Ozaki et al., 1998). 
Additionally, the natural features of SINV-based vectors can be improved by the 
cloning o f a pro-apoptotic gene or o f an immuno-modulator downstream of the SGP. 
Indeed, expression o f anti-tumour cytokines enhances the efficacy o f the vector 
(Tseng et al., 2004).
The high selectivity o f Sindbis vectors for cancer cells has been used in gene-directed 
enzyme-prodrug therapy (GDEPT). This strategy has been developed to increase the 
selectivity o f cancer chemotherapy. The first step consists o f selective expression o f a 
foreign enzyme in tumour cells, and the second step is the administration o f a 
prodmg. Prodmgs are non-toxic molecules that are enzymatically converted into 
cytotoxic agents. Therefore, in GDEPT, cytotoxicity is limited to the cells that contain 
both the enzyme and the prodmg. Ideally these are only the cancer cells. However, 
selective expression o f the enzyme has been proven to be the limiting step (reviewed 
in Schepelmann and Springer, 2006). Coupling GDEPT and a Sindbis vector carrying 
the enzyme that converts the prodmg into its active form not only improved the 
selective delivery of the enzyme, but also resulted in higher enzyme concentrations 
due to SGP-mediated amplification (Tseng et al., 2006).
Additionally, selective infection of LAMR-upregulated cells can be achieved by 
systemic inoculation o f Sindbis vims vectors. This is possible because o f the blood- 
borne nature o f Sindbis vims (reviewed in Strauss and Strauss, 1994).
Sindbis expression vectors have also been tested as vaccines against vimses and virus- 
induced cancers (Cheng et al., 2001; Vajdy et al., 2001; Cheung et al., 2002).
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In addition, the development o f low-cytopathic Sindbis virus expression vectors has 
allowed high levels o f recombinant protein production to be sustained for long term in 
vitro (Agapov et al., 1998; Kim et al., 2004).
To date, no IRES elements have been used in Sindbis virus-derived vectors.
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1.20 Aims of the pro ject
The objective o f this project was to conduct studies on the mechanism o f translation 
initiation on insect virus mRNAs. To do so, the specific aims o f the project were the 
following:
I) The identification o f the minimal sequences o f the RhPV 5’IRES in in
vitro and in vivo systems
II) The characterisation o f the 5 ’UTR of KV
III) The study o f the interactions between the RhPV 5’IRES and cellular
proteins
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Chapter 2
GENERAL MATERIALS AND METHODS
2.1 Polymerase chain reaction (PCR)
The reactions consisted o f 30 ng template DNA, 5 pi lOx PCR buffer (Promega), 2 pi 
dNTPs (5 mM; Promega), 1 pi each primer (1 pg/pl; Sigma Genosys) and 5 units o f Taq 
enzyme (5 u/pl; Promega). The reactions were made up to 50 pi with autoclaved water. 
The conditions used are shown in Table 2.1.
2.2 Purification of PCR products
PCR products were purified using the QIAquick PCR product purification kit 
(Qiagen) as described in the manufacturer’s instructions.
2.3 Agarose gel electrophoresis
Agarose gels (0.7-1.2% w/v; Melford) containing ethidium bromide (10 mg/ml) were 
made with 1 x TAE (Appendix 1). Samples were loaded in 6  x loading dye 
(Promega). The gels were run at 125 V in 1 x TAE. For RNA analysis, agarose gels 
made with 1 x TBE (Appendix 1) were used and the samples were loaded in 2 x TBE 
sample buffer (Appendix 1).
2.4 Restriction enzyme digestion
Analytical digests were carried out in a final volume o f 20 pi. Reactions consisted o f 
plasmid DNA (1 pg), 2 pi restriction enzyme buffer (10 x; Promega) and 10 units 
restriction enzyme (Promega). The volume was made up to 20 pi with autoclaved water.
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PC R  conditions
1 ) 95° C for 5 min
2 ) 94° C for 1 min
3) 55° C for lm in
4) 72° C for 1 min
Repeat from step 2 x 30
5) 72° C for 10 min
Table 2.1 PC R  cycle details. PCR reactions were performed as described in Section 
2.1. The different combinations o f primers are detailed in the specific chapters.
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Restriction digests were incubated at 37°C for 2 h and analysed by agarose gel 
electrophoresis (Section 2.3).
When the fragments were required for subsequent cloning steps, digests o f 10 pg of 
plasmid DNA in a final volume o f 50 pi were performed.
2.5 Dephosphorylation of digested plasmid DNA
Calf intestinal alkaline phosphatase (1 pi; 2 units/pl; Boehringer Mannheim) was 
added directly to restriction digests and incubated at 37°C for 30 min. The reactions 
were stopped by incubation on ice for 5 min.
2.6 Production of blunt ended DNA inserts
When blunt ended inserts were required, 1 pi T4 DNA polymerase (7.9 units/pl; 
Promega) was added directly to the restriction digests along with 1 pi dNTPs (10 
mM; Promega) and incubated at 37°C for 30 min.
2.7 Ligation reactions
Ligations were performed in a final volume o f 10 pi or 20 pi. The 10 pi reactions 
consisted o f 20 ng vector, 5-20 ng purified inserts, 2 pi T4 DNA ligase buffer (10 x; 
Promega) and 1 pi T4 DNA ligase (3 u/pl; Promega). The volume was made up to 10 
pi with autoclaved water. Ligation reactions were incubated at 16° C overnight.
Ligation reactions in a final volume o f 20 pi consisted o f 100 ng linearised vector, 5- 
30 ng purified insert, 10 pi T4 ligase buffer (2 x; Promega) and 1 pi T4 DNA ligase 
(3 u/pl; Promega). The volume was made up to 20 pi with autoclaved water. The 
reactions were incubated at 16°C overnight.
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2.8 Transformation of competent E.coli
Plasmid DNA (1 pi) or ligation reaction (3-5 pi) was combined with 50 pi pre- 
competent E.coli D H 5a cells and incubated on ice for 30 min. The bacteria were heat- 
shocked at 42°C for 45 sec and allowed to recover on ice for 5 min. LB broth (200 pi; 
Appendix 1) was added and the bacteria incubated at 37°C for 1 hour. Cells were then 
spread onto LB agar plates containing ampicillin (25 mg/ml) and incubated at 37°C 
overnight. The next day colonies were picked, grown overnight in LB/ampicillin (25 
mg/ml) and small scale plasmid purification performed (Section 2.9).
2.9 Small-scale plasmid purification (plasmid miniprep)
From the overnight cultures, 1.5 ml o f the bacterial culture was pelleted at 8000 rpm for 1 
min. The pellets were resuspended in 100 pi resuspension solution (Appendix 1). The cells 
were lysed by adding 200 pi lysis solution (Appendix 1). To stop the lysis reaction, 150 pi 
neutralisation solution (Appendix 1) was added and the samples cooled on ice for 5 min 
and then spun at 14,000 rpm for 10 min. The supernatants were transferred into new tubes 
and the plasmid DNA was phenol/chloroform extracted and ethanol precipitated. The DNA 
pellets were resuspended in 20 pi TE/RNase solution (Appendix 1).
2.10 Large-scale plasmid purification (plasmid midiprep)
Plasmid DNA was purified using a Plasmid Midi Kit (Qiagen) according to the 
manufacturer’s instructions.
2.11 Purification of DNA by gel extraction
DNA was electrophoresed through an agarose gel (Section 2.3). The bands o f interest
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were excised and the DNA extracted using the QIAquick gel extraction kit (Qiagen) 
following the manufacturer’s instructions.
2.12 Sequencing of plasmid DNA
DNA sequencing was performed by Lark Technology Inc. using primers as detailed in 
the specific chapters.
2.13 Production of RNA transcripts in vitro
Linearised plasmids were phenol/chloroform extracted and ethanol precipitated. Linearised 
and purified plasmids (0.5 - 1 pg) were transcribed using the T7 mMessage mMachine kit 
(Ambion) or the T7 Cap Scribe kit (Roche) according to the manufacturers’s instructions. 
Capped RNA was then phenol/chloroform extracted, isopropanol precipitated and 
resuspended in 20 pi nuclease-free water. The integrity of the RNA was checked on an 
agarose gel (Section 2.3).
2.14 Coupled transcription and translation (TNT) in the Rabbit Reticulocyte Lysate 
(RRL) system
Plasmid DNA (2 pg) containing a T7 RNA polymerase promoter was combined with 6.5 pi 
o f TNT T7 Quick Master Mix (Promega) and 0.5 pi [35S]-methionine (500 pCi; 
Amersham). The reaction was made up to a final volume o f 10 pi with nuclease-free water 
and incubated at 30°C for 90 min. After incubation, a 4 pi sample was analysed by SDS- 
PAGE and autoradiography (Section 2.16) and a Luciferase (LUC) assay (Section 2.17) 
was performed to measure LUC expression.
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2.15 Coupled transcription and translation (TNT) in the Wheat Germ Extract (WGE) 
system
Plasmid DNA (1 pg) containing a T7 RNA polymerase promoter was included in a total 
reaction o f 25 pi consisting o f 12.5 pi TNT Wheat Germ extract (Promega), 1 pi TNT 
reaction buffer (Promega), 0.5 pi TNT T7 RNA polymerase (Promega), 0.5 pi amino acid 
mixture minus methionine (1 mM; Promega), 0.5 pi RNasin ribonuclease inhibitor (40 
u/pl; Promega) and 0.5 pi [35S]-methionine (500 pCi; Amersham). The volume was made 
up to 25 pi with nuclease-free water. The reactions were incubated at 30°C for 90 min and 
4 pi analysed by SDS-PAGE and autoradiography (Section 2.16) and LUC assay (Section 
2.17).
2.16 SDS-PAGE
[35S]-labelled products (4-5 pi) were analysed on acrylamide gels (10 %; Appendix 1). 
Gels were run at 250 V, then stained with Coomassie blue stain (Appendix 1), destained 
and dried using a model 583 gel dryer (BioRad) for 2 h. Dried gels were exposed to Fuji 
medical X-ray film at RT.
Unlabelled products (5-20 pi) were stained with Vorum Silver stain (Appendix 1).
2.17 Western blot analysis
After SDS-PAGE (Section 2.16), the proteins were transferred onto Immobilion-P 
membranes (Millipore Corp) at 100 V/400 mA for 90 min in Tris/glycine/methanol 
buffer (Appendix 1). Membranes were blocked overnight in 5% Marvel (w/v) 
(blocking solution; Appendix 1) in 1 x TBS+0.1% Tween (Appendix 1). CAT and 
LUC expression were detected using anti-CAT (1:1000; Sigma) and anti-LUC 
(1:1000, Promega) antisera. Membranes were incubated with primary antibodies for 1
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h with continuous shaking. Excess antibodies were removed with washes in 1 x 
TBS+0.1% tween (2 x 30 sec and 2 x 10 min). This was followed by 1 h incubation 
with peroxidase-linked anti-goat IgG (1:1000; Dako) when anti-LUC primary 
antibody was used, and anti-rabbit IgG in the case o f anti-CAT (1:3500; Dako). 
Washes were repeated and detection was achieved using chemiluminescence reagents 
following the manufacturer’s protocol (SuperSignal West Pico chemiluminescence 
substrate, Pierce).
2.18 Luciferase assay
To 100 pi LUC substrate (Promega) 1-2 pi o f the TNT reactions or 20 pi cell lysates 
(Sections 2.22, 2.33 and 2.25) were added and the luminescence measured with a Bio-orbit 
luminometer (Labtech).
2.19 Chloramphenicol acetyltransferase (CAT) assay
Cell extracts were combined with sample buffer from the CAT ELISA kit (Roche) and 
CAT expression was determined as stated in the manufacturer’s instructions. In brief, cell 
lysates (10 pi; Sections 2.22, 2.23 and 2.25) were combined with 190 pi sample buffer and 
added to wells pre-coated with antibodies to CAT (anti-CAT). The wells were covered and 
incubated at 37°C for 1 h, after which time the wells were rinsed using the supplied 
washing buffer. To each well, 200 pi o f a digoxigenin-labelled antibody to CAT (anti- 
CAT-DIG; 2 pg/ml) were added and the samples incubated at 37°C for 1 h. After this 
incubation the cells were washed as before. An antibody to digoxigenin conjugated to 
peroxidase (200 pi anti-DIG-POD; 20 u/ml) was added and the wells were incubated at 
37°C for 1 h and then rinsed as before. Following the final wash, 200 pi peroxidase 
substrate ABTS (POD substrate ready-to-go solution) was added and incubated at RT for 5
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to 10 min for colour to develop. The samples were assayed along with CAT enzyme 
standards at concentrations o f 0, 0.125, 0.25, 0.5 and 1 ng/ml. The colour development was 
measured on an ELISA plate reader (Labsystems Multiscan BICHROMATIC) at 405 nm.
2.20 Maintenance of cell lines
2.20.1 Maintenance of mammalian cell lines
Baby Hamster Kidney (BHK) cells were grown in 75 cm2 vented cell culture flasks 
(NUNC) in Glasgow Modified Eagles Medium (G-MEM; GibcoBRL) supplemented with 
foetal bovine serum (10 % FBS), tryptose phosphate broth (10 %; GibcoBRL) and 
penicillin/streptomycin (500 units/ml penicillin G sodium; 5000 pg/ml streptomycin in 
0.85 % saline).
Human TK-143 cells were grown in vented 75 cm2 cell culture flasks (NUNC) in Dulbecco 
MEM (D-MEM; GibcoBRL) supplemented with FBS (10 %), penicillin/streptomycin (500 
units/ml penicillin G sodium; 5000 pg/ml streptomycin in 0.85 % saline), and L-glutamine 
(2 mM; GibcoBRL).
Cells were incubated at 37°C with CO2 (5 %) in a humidified incubator (Incubator Galaxy 
S, W olf Laboratories).
2.20.2 Maintenance of insect cell line
Insect S/21 cells were grown in 75 cm2 unvented cell culture flasks (NUNC) in T C I00 
medium (GibcoBRL) supplemented with FBS (10%), penicillin/streptomycin (500 units/ml 
penicillin G sodium; 5000 pg/ml streptomycin in 0.85 % saline) and L-Glutamine (2 mM; 
GibcoBRL). Cells were incubated at 28°C in a Vindon incubator.
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2.21 Preparation of cell monolayers for transfection procedure
2.21.1 Preparation of mammalian cell lines
To obtain confluent mammalian cell (BHK and HTK-143) monolayers, the growth medium 
(Section 2.20.1) was removed from a 75 cm2 cell culture flask and the cells washed with 5 
ml warm versene/trypsin (100 ml [1:5000] versene with 10 ml [2.5 % 1:250] trypsin; 
GibcoBRL). This was removed and 3 ml versene/trypsin added and left until the cells 
detached from the bottom o f the flask. Growth media (3 ml) was added to remove the cells, 
which were pelleted for 3 min at 2000 rpm in a Centurion Centrifuge. The cell pellet was 
re-suspended in 10 ml medium and cells counted using a Fuchs-Rosenthal chamber. Cells 
were re-suspended in medium to a final concentration o f 2.5 x 105 cells/ml and 2 ml used to 
seed each 35 mm tissue culture dish (NUNC). Cells were incubated at 37°C o/n.
2.21.2 Preparation of insect cell line
To obtain confluent insect S fll cell monolayers, the growth medium (Section 2.20.2) was 
removed from a 75 cm cell culture flask and the cells dislodged by adding sterile glass 
beads (Fisher) and rocking the flasks. The cells were removed in 7.5 ml medium and 0.5 ml 
was used to seed each 55 mm tissue culture dish (NUNC). Medium (3.5 ml) was added to 
each dish and cells incubated at 28°C o/n.
2.22 Production of recombinant T7 RNA polymerase-expressing viruses
Recombinant viruses expressing T7 RNA polymerase were used in the transient expression 
system in mammalian and insect cells. For the mammalian cells, a recombinant vaccinia 
virus (vTF7-3; Fuerst et al., 1986) was used, whilst for the insect cells a recombinant 
baculovirus AcMNPV/T7N (AcT7N; kindly donated by Monique van Oers, University of 
Wageningen; van Poelwijk et al., 1995) was used.
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2.22.1 Vaccinia virus vTF7-3
Vaccinia virus vTF7-3 was prepared by infecting a confluent 175 cm2 cell culture flask of 
HTK-143 cells with 500 pi virus stock in 25 ml D-MEM (+ HEPES) for 1 h. A further 50 
ml medium was added and the cells incubated at 37°C for 48 h. The cells were freeze- 
thawed three times and aliquots stored at - 20°C. The optimum volume o f virus for use in 
the transfection procedure was determined by using a range o f volumes o f the virus in the 
transient expression system using the control plasmid pGEM-CAT/RhPV Al/LUC (Section 
2.22). The volume giving the highest LUC reading in the LUC assay (Section 2.17) was 
used.
2.22.2 Baculovirus AcT7N
The recombinant baculovirus AcT7N stock was prepared by infecting a 75 cm2 flask of 
60% confluent S fl\ cells with 200 pi virus in 5 ml medium at RT for 1 h with constant 
rocking. Medium (7 ml) was added and the cells incubated at 28°C for 4 days. Cells still 
attached to the flask were dislodged, and the medium poured into a plastic universal and 
centrifuged at 2000 rpm for 2 min. The supernatant containing the virus was transferred to 
a new universal and stored at + 4°C in the dark. The optimal volume for use in transfection 
was determined by using a range o f volumes o f the virus to infect the cells prior to 
transfection with the control plasmid pGEM-CAT/RhPV Al/LUC. The volume giving the 
highest LUC reading in the LUC assay (Section 2.18) was used.
2.23 Transfection of Nucleic Acids into mammalian cells
2.23.1 Transfection of DNA into mammalian cells
BHK and HTK-143 cells in 35 mm tissue culture dishes were used in these 
experiments(Section 2.21.1). To an 80 % confluent monolayer, 40 pi vTF7-3 was added
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and left for 1 h at 37°C. Per 35 mm tissue culture dish, 15 pi lipofectin reagent (1 mg/ml, 
GibcoBRL) was combined with 285 pi Optimem (GibcoBRL) and incubated at RT for 30 
min. Plasmid DNA of the form CAT/IRES/LUC (5 pg) in 200 pi autoclaved water was 
added to the lipofectin/Optimem mixture and incubated at RT for 15 min. The inoculum 
was removed from the cells and the cells washed with 1 ml serum-free medium. The 
DNA/lipofectin/Optimem mix was added to the cells, which were incubated for 5 h at 
37°C. Growth medium was added to each dish and the cells incubated at 37°C overnight. 
The cells were harvested in 200 pi cell lysis buffer (Promega) and spun at 14,000 rpm for 5 
min at + 4°C. CAT and LUC assays were performed (Sections 2.18 and 2.19).
2.23.2 Transfection of RNA into mammalian cells
BHK and HTK-143 cells in 35 mm tissue culture dishes were used in these experiments 
(Section 2.21.1). Per 35 mm tissue culture dish, 12 pi lipofectin reagent (1 mg/ml, 
GibcoBRL) was combined with 8 8  pi Optimem (GibcoBRL) and incubated at RT for 45 
min. In vitro transcribed RNA o f the form CAT/IRES/LUC (1-2 pg; Section 2.13) in 100 
pi Optimem was added to the lipofectin/Optimem mixture and incubated at RT for 15 min. 
The RNA/lipofectin/Optimem mix was added to the cells, which were incubated for 5 h at 
37°C. The transfection mixture was removed and growth medium was added to each dish. 
The cells were incubated at 37°C for 5 h or o/n. The cells were harvested in 200 pi cell 
lysis buffer (Promega) and spun at 14,000 rpm for 5 min at + 4°C. CAT and LUC assays 
were performed (Sections 2.18 and 2.19).
2.24 Transfection of DNA into insect cells
Insect 5/21 cells grown in 55 mm tissue culture dishes were used for this procedure
(Section 2.21.2). To a 60% confluent monolayer, 60 pi baculovirus (AcT7N), expressing 
T7 polymerase, was added and left for 4 h at RT with constant rocking. Per 55 mm tissue 
culture dish, 20 pi lipofectin reagent (1 mg/ml; GibcoBRL) was combined with 80 pi 
T C I00 medium (serum-free) and incubated at RT for 30 min. Plasmid DNA o f the form 
CAT/IRES/LUC (5 pg) in 100 pi autoclaved water was added to the lipofectin/TClOO 
mixture and incubated at RT for 15 min. The virus inoculum was removed and cells were 
washed with 1 ml serum-free medium. The DNA/lipofectin/TClOO was added to the cells 
along with a further 1.8 ml T C I00 medium (serum-free) and cells were incubated at 28° C 
for 5 h. The transfection medium was then removed and replaced with growth medium (2 
ml; Section 2.20.1). Cells were left at 28°C for 48 h, after which they were harvested in 
400 pi cell lysis buffer (Promega). LUC assay (Section 2.18) and CAT assay (Section 
2.19) were performed to measure LUC and CAT expression.
2.25 Preparation of mammalian cells for electroporation procedure
Confluent BHK cells (70 %) grown in a 175 cm2 vented flask were detached with 
trypsin/versene (1:10 v/v; GibcoBRL), centrifuged and re-suspended in PBS (GibcoBRL). 
Cells were counted using a Fuchs-Rosenthal chamber and resuspended in PBS to a final 
concentration o f 6 . 2  x 1 0 6 cells/ml.
2.26 Electroporation of RNA into BHK cells
BHK cells (5 x 106) were mixed with 10 pi RNA (20-25 pg; Section 2.13), transferred to 
an electroporation cuvette (0.4 cm gap width; BioRad) and quickly electroporated at 750 V 
and 25 pF for two pulses using a Bio-Rad Gene Pulser apparatus. Cells were allowed to 
recover at RT for 10 min and then transferred to a 55 mm tissue culture dish with 4 m l 
growth medium (Section 2.21.1). Twenty hours after electroporation cells were harvested
in 400 pi lysis buffer (Promega) and LUC and CAT assays were performed (Sections 2.18 
and 2.19).
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Chapter 3
IDENTIFICATION OF THE MINIMAL SEQUENCES FROM THE 
RhPV 5’UTR REQUIRED FOR IRES ACTIVITY
3.1 In troduction
Mutational analysis o f IRES elements has proved to be very useful for determining 
areas and structures o f importance for IRES activity. Woolaway et al. (2001) and 
Royall et al. (2004) showed that the 5’UTR o f the RhPV genome contains an IRES 
element that functions efficiently in mammalian, plant and insect translation systems. 
In addition to the demonstration of the presence o f the IRES, Woolaway et al. (2001) 
assessed the effect o f mutations on the 579 nt IRES. Large deletions were generated at 
the 5’ end (100 and 200 nt) and at the 3 ’ end (100, 200 and 300 nt) o f the RhPV IRES. 
The mutants that carried deletions at the 3 ’ end were more severely affected than the 
ones that carried deletions at the 5 ’ end, indicating that the 3 ’ region o f the RhPV 
5’UTR is more important for IRES function (Woolaway et al., 2001). Recently, the 
RhPV 5’ IRES was shown to require only the mammalian initiation factors eIF2, eIF3 
and elFl to form 48S complexes in vitro (Terenin et al., 2005). The factors e lF lA  
and eIF4F stimulate the assembly o f 48S complexes on the RhPV RNA but are not 
essential. It was possible to delete large regions o f the 5 ’ UTR without affecting 
initiation complex formation. However, deletion o f an unstructured region in the 380 
nt proximal to the initiation codon significantly reduced 48S complex formation.
In this study we set out to investigate the effect o f deletions at both ends o f the RhPV 
5’ IRES to further define the boundaries of the IRES and the regions necessary for 
IRES activity. We therefore generated stepwise deletions o f 50 nt at the 5’ and 3 ’ ends 
and we cloned the mutant IRES elements into the intercistronic space o f the
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dicistronic vector pGEM-CAT/LUC. The ability o f these truncated versions o f the 
RhPV IRES to direct translation initiation was analysed in the same systems in which 
the entire IRES is functional, the Rabbit Reticulocyte Lysate system, the Wheat Germ 
Extract system and the insect cells, Spodoptera frugiperda 21 (RRL, WGE, SJ21; 
Woolaway et al., 2001; Royall et al., 2004). In all the three systems, along with the 
constructs of the form pGEM-CAT/truncated version/LUC, the plasmids pGEM- 
CAT/RhPV Al/LUC containing the full length IRES, was used as a positive control, 
whilst the empty plasmid lacking any IRES element (pGEM-CAT/LUC) was used as 
a negative control.
On the basis o f these results we generated further mutants that carried combined 
deletions at the 5’ and 3 ’ ends to precisely define the minimal sequence that can direct 
IRES activity. These deletions resulted in truncated versions that contain the central 
regions o f the RhPV 5’UTR. The ability o f these constructs in directing initiation of 
translation was assessed in the RRL system, in the WGE system and SJ21 cells.
METHODS
3.2 Construction of dicistronic plasmids
Since our aim was to investigate further the studies o f Woolaway et al. (2001), the 
same dicistronic system was used, the vector pGEM-CAT/LUC (van der Velden et 
al., 1995). The wt (nt 1-579) and the mutant IRES elements were inserted in the 
intercistronic space of the vector, between the genes encoding chloramphenicol 
acetyltransferase (CAT) and firefly luciferase (LUC), using the BamHI cloning site 
(Figure 3.1). Transcription o f this vector results in a single mRNA molecule o f the 
form cap-CAT-IRES-LUC. The expression o f the first cistron (CAT) occurs via the
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canonical cap-dependent mechanism, whilst the expression o f the second cistron 
(LUC) occurs only if  the sequence immediately upstream contains a functional IRES 
element (Figure 3.1; Woolaway et al., 2001).
3.2.1 Generating 5% 3 ’ and 5’-3’ combined truncated versions of the RhPV 5’ 
UTR
All the truncated RhPV IRES elements were obtained by PCR (Section 2.1) using 
specific primers and combinations o f primers (Table 3.1), all o f which contain BamHl 
restriction sites to enable cloning into the pGEM-CAT/LUC vector between the two 
ORFs. In all the PCR reactions the plasmid pGEM-CAT/RhPV Al/LUC, which 
contains the entire 5’UTR (nt 1-579) of RhPV described in Woolaway et al. (2001), 
was used as template.
In the case o f the 5 ’ truncated versions o f the RhPV 5’UTR, the forward primers were 
designed to amplify versions o f the 5 ’UTR with deletions o f 50, 100, 150, 200, 250, 
300, 350, 400, 425, 450, 475, 500 nt. These primers were designated 5 ’A50 F, 5’A100 
F, 5’A150 F, 5 ’A200 F, 5 ’A250 F, 5’A300 F, 5’A350 F, 5’A400 F, 5’A425 F, 5 ’A450 
F, 5’A475 F and 5 ’A500 F (Table 3.1). The reverse primer, RhPV Al R, was designed 
to amplify from nt 579, which is the last nucleotide before the initiation codon AUG 
(nt 580-2).
In the case o f the 3 ’ truncated versions, reverse primers were designed to obtain 
deletions of 50, 100, 150 and 200 nt at the 3 ’ end o f the 5’UTR of RhPV and named 
3 ’A50 R, 3 ’A100 R, 3 ’A150 R and 3 ’A200 R (Table 3.1; Figure 3.2). Further 
deletions (i.e. 250, 300 nt) at the 3 ’ end were not made since Woolaway et al. (2001) 
showed that a 200 nt deletion at the 3 ’ end significantly reduced the activity o f the
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P rim er Nam e Sequence 5’-3f N t position
5' A50 F ATGGATCCGCTGCTCATTAGGA 51-64
5 'A 100F ATGGATCCTACGATATACTTATTGTT 101-118
5' A150 F ATGGATCCATGCTGGTATAGGGTG 151-166
5’ A200 F ATGGATCCATGGACCTTTAAGTCC 201-215
5' A250F AT GG AT CCGGCCCGT A AG AT ATT AT 251-267
5' A300 F ATGGATCCTTAATCCCAGTTAAAGCT 301-318
5' A350 F ATGGATCCAATCGGTCGCTAGTTG 351-366
5’ A400 F AT GG ATCC ATTTTT C AC A ATTTTT AGTT A AG A 401-424
5’ A425 F ATGGATCCTTAGCTTGCCTTAAG 426-440
5' A450 F ATGGATCCATCTTCTGTATATTATTTTA 451-470
5' A475 F ATGGATCCATAGGAGCAAAGTTC 476-490
5' A500 F ATGGATCCGCAATAGCTATTTTATTT 501-518
3’ A50 R ATGGATCCATTCCTAAAATAAATAAAATA 528-509
3'AIOOR ATGGATCCTATAAACTTTAAAATAATATAC 478-456
3' A150 R ATGGATCCCTAAAATCTTAACTAAAAATT 428-408
3’ A200 R ATGGATCCAACAGTTAGTTACGCAA 378-364
RhPV Al F AT GG ATCCG AT AA AAG AACCT ATAATC 1-19
RhPV Al R ATGGATCCTATAAATAGATAAAGCTAAT 579-560
Table 3.1 Sequences (5’-3’) o f PCR primers used in the mutagenesis o f the RhPV 
5 ’UTR to create 5’, 3’ and combined 5’ and 3’ truncated versions. Primers were 
obtained from Sigma Genosys Ltd. F denotes the forward primers, while R the reverse 
primers. Underlined are the BamHl restriction enzyme sites included for cloning 
purposes.
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5’
A1 1
A1 anti i579
5’ A50
5’ A100
5’ A150
5’ A200
5’ A250
5’ A300
5’ A350
5’ A400
5’ A425
5’ A450
5’ A475
5’ A500
3’ A50
3’ A100
3’ A150
3’ A200
M300/429
M250/429
M150/429
3 ’
__________________________________________  579
  1
51------------------------------------------------------------ 579
101 ---------------------------------------------------  579
151--------------------------------------------  579
201  579
251 -------------------------------- 579
301--------------------------  579
351----------------------  579
401------------------ 579
426----------------  579
451-------------- 579
476 -----------  579
501---------  579
----------------------------------------------------------  529
------------------------------------------------------479
------------------------------------------------ 429
------------------------------------------- 379
301---------- 429
251---------------- 429
151-----------------------------429
T7 prom oter
oT --------CAT -----
BamHl
LUC
Figure 3.2 Schematic representation of the trunca ted  versions of the RhPV 5’ 
UTR. The deletion mutants were obtained by PCR and inserted in the intercistronic 
space of the dicistronic vector pGEM-CAT/LUC using the BamHl cloning site.
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IRES to only 25 % o f that seen with RhPV Al in the RRL system. The forward primer 
RhPV Al F described in Woolaway et al. (2001) was used.
To obtain combined deletions at the 5 ’ and 3 ’ ends that would result in central regions 
o f the RhPV 5’UTR, the same primers used to make 5 ’ and 3’ deletions were used in 
combination (Figure 3.2). The combined deletion named M l50/429 (nt 150-429) was 
obtained using the primers 5’A150 F and 3 ’A150 R. The construct M250/429 (nt 250- 
429) was amplified with the primers 5’A250 F and 3’A150 R, while the construct 
M300/429 (nt 300-429) with the primers 5’A300 F and 3 ’A150 R.
3.2.2 Ligation into the vector pGEM-T Easy
Purified PCR products (Section 2.2) were ligated into the pGEM-T Easy vector (10 pi 
reaction; Section 2.7) and the ligation reactions were used to transform competent 
E.coli D H 5a cells (Section 2.8). Plasmid DNA was extracted from overnight cultures 
from white colonies (Section 2.9) and checked for the presence o f the inserts with 
restriction enzyme digestion with BamHl (Section 2.4).
3.2.3 Ligation into the vector pGEM-CAT/LUC
To release the IRES fragments, the pGEM-T Easy constructs were digested with 
BamHl in a 50 pi reaction (Section 2.4) and run on an agarose gel (Section 2.3). The 
bands corresponding to the truncated versions o f the RhPV IRES were excised and 
purified (Section 2.11). The purified inserts were ligated into the linearised and 
dephosphorylated (Section 2.5) pGEM-CAT/LUC plasmid using the BamHl cloning 
site. After D H 5a transformation and plasmid minipreps (Sections 2.8 and 2.9), 
constructs were checked for the presence o f the inserts by restriction enzyme analysis 
and for correct orientation o f the inserts by PCR and sequencing (Sections 2.1 and
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2.12). In PCRs, the Luciferase Reverse primer (LUC Rev, 5 ’- 
CGGTTCCATCCTCTAGA) was used as reverse primer, while the forward primers 
were chosen according to the specific truncated versions. For the 5 ’ end mutants and 
the combined deletions, the same forward primers used to obtain the deletions were 
used (i.e. 5’A50 F for the construct 5’A50). For the 3’ end mutants, the primer RhPV 
Al F was used. The constructs that contained the expected inserts in the correct 
orientation were verified by sequencing using the primer LUC Rev (Section 2.12), 
and were then amplified on a large scale (Section 2.10).
3.3 IRES activity in the RRL and WGE systems
The dicistronic constructs were analysed in the coupled transcription and translation 
systems as described in Sections 2.14 and 2.15. They were then analysed by SDS- 
PAGE and autoradiography (Section 2.16) and LUC assay (Section 2.18).
3.4 IRES activity in the insect cell line Sf21
Insect cells S fll were transfected with the constructs o f the form pGEM- 
CAT/truncated version/LUC as described in Section 2.24 and analysed by LUC and 
CAT assay (Sections 2.18 and 2.19).
3.5 Translation in the Rabbit Reticulocyte Lysate (RRL) system
The dicistronic constructs were linearised with Xhol (Section 2.4) and 
phenol/chloroform extracted and ethanol precipitated. Capped RNA was transcribed as 
described in Section 2.13 and used to programme the RRL translation system 
(Promega) in the presence of [35S]-methionine. The reactions contained 1 pg in vitro 
transcribed RNA, 17.5 pi rabbit reticulocyte lysate (Promega), 0.5 pi amino acid
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mixture minus methionine (1 mM, Promega), 0.5 jlxI [35S]-methionine (500 |LiCi; 
Amersham) and 0.5 pi RNasin ribonuclease inhibitor (40 u/pl; Promega). The reaction 
was made up to a final volume o f 25 pi with nuclease-free water and incubated at 30°C 
for 90 min. After incubation, 5 pi sample was analysed by SDS-PAGE and 
autoradiography (Section 2.16) and a LUC assay was performed (Section 2.18).
3.6 Translation in the Wheat Germ Extract system
Dicistronic in vitro transcribed RNA (Section 3.5) was used to programme the WGE 
translation system (Promega) in the presence o f [35S]-methionine. The reactions 
contained 1 pg in vitro transcribed RNA, 12.5 pi wheat germ extract (Promega), 1 pi 
amino acid mixture minus methionine (ImM , Promega), 0.5 pi [35S]-methionine (500 
pCi; Amersham), 0.5 pi RNasin ribonuclease inhibitor (40 u/pl; Promega). The 
reactions were made up to a final volume o f 25 pi with nuclease-free water and 
incubated at 30°C for 90 min. After incubation, 5 pi sample was analysed by SDS- 
PAGE and autoradiography (Section 2.16) and a LUC assay was performed (Section 
2.18).
3.7 Transfection of RNA into mammalian cells
The capped dicistronic RNA transcripts (Section 3.5) were transfected into mammalian 
cells (Section 2.23.2). After incubation overnight, cells were harvested in 200 pi of 
lysis buffer (Promega) and LUC and CAT expression measured as before (Sections 
2.18 and 2.19).
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RESULTS
3.8 The effect of 5’ and 3’ deletions on RhPV IRES activity in the RRL system
The mutant IRES elements were assayed in the RRL system along with a positive 
control, represented by the wt RhPV IRES (construct A l), and a negative control, the 
construct o f the form pGEM-CAT/LUC (No IRES), which lacks any IRES element. 
In the RRL, all the constructs expressed similar levels o f the upstream cistron, CAT, 
which is a measure o f cap-dependent translation (Figure 3.3). All the constructs 
containing 5’ deletions were also able to direct expression o f LUC although with 
different efficiencies (Figure 3.3). Deletion o f the first 50 nt at the 5’ end (construct 
5 ’A50) had little effect on IRES activity, since less than 4 % reduction in activity was 
observed. Further deletion o f 50 nt (construct 5 ’A100) reduced the activity o f about 
25%, but deletion o f a further 50 nt (construct 5 ’A150) seemed to partially restore the 
activity to 85 % o f wt. Despite loss o f the 5 ’200 nt, construct 5 ’A200 was still able to 
direct LUC expression as efficiently as the full-length IRES. However, the constructs 
5 ’A250 and 5’A300 remarkably retained -7 5  % of the activity o f the wt RhPV IRES. 
As removal of 300 nt from the 5’ end of the RhPV 5’ UTR had little effect on IRES 
activity, further 5’ deletions were made o f 350, 400, 425, 450, 475 and 500 nt. The 
fragments lacking up to 450 nt from the 5’ end still retained significant IRES activity 
in RRL, but further deletions reduced it to near background level (Figure 3.4). 
Deletion o f 3 ’ sequences had a more significant effect on IRES activity. Removal of 
50 nt at the 3 ’ end o f the RhPV IRES (construct 3 ’A50) did not have any major affect 
on IRES activity but a further deletion o f 50 nt (construct 3’ A100) reduced activity to 
about 35 % of wt. Deletion o f 150 nt (construct 3 ’ A150) further reduced activity and 
deletion o f the 3’ end 200 nt resulted in a complete loss o f activity (c.f. no IRES 
control; Figure 3.3).
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A)
Figure 3.3 Analysis of the dicistronic constructs containing 5’ and 3’ deletions in 
the Rabbit Reticulocyte Lysate system. A) The plasmids of the form pGEM- 
CAT/truncated version/LUC were expressed in the RRL system and analysed by 
SDS-PAGE and autoradiography: CAT expression occurs via the cap-dependent 
translation initiation mechanism, whilst LUC expression is IRES-dependent. B) LUC 
expression was quantitatively measured (Section 2.18) and was normalised against 
CAT expression. The LUC activity of the positive control (Al) was set at 100 and the 
activities of the mutant IRES elements were expressed as a percentage of this. Results 
presented here are representative of two separate experiments.
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Figure 3.4 Analysis of the dicistronic constructs containing 5’ deletions 
(contructs 5’ A350-500) in the R abbit Reticulocyte Lysate system. A) The
plasmids of the form pGEM-CAT/tmncated version/LUC were expressed in the RRL 
system and analysed by SDS-PAGE and autoradiography: CAT expression occurs via 
the cap-dependent translation initiation mechanism, whilst LUC expression is IRES- 
dependent. B) LUC expression was quantitatively measured (Section 2.18) and was 
normalised against CAT expression. LUC activity of the positive control (Al) was set 
at 100 and the activities of the mutant IRES elements were expressed as a percentage 
of this. The construct labelled “Al anti” contains the RhPV 5’UTR in the antisense 
orientation and functions as an additional negative control. Results presented here are 
representative of two separate experiments.
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3.9 The effect of 5’ and 3 ’ deletions of the RhPV IRES in the WGE system
In the WGE all the constructs expressed similar levels o f CAT as expected (Figure 
3.5). As in the RRL system, the 5’ end deletions were tolerated much more than 
deletions from the 3 ’ end (Figure 3.5). However, in the WGE system, four o f the six 
5 ’ end mutants directed LUC expression more efficiently than the wt IRES. The 
5 ’A200 mutant displayed IRES activity o f 150% compared to the full-length IRES 
(Figure 3.5).
As removal o f 300 nt from the 5 ’ end o f the RhPV 5’ UTR had little effect on IRES 
activity, consistent with the observations made in RRL, further deletions o f 350, 400, 
425, 450, 475 and 500 nt were also analysed in WGE. The fragments lacking up to 
450 nt from the 5 ’ end still retained significant IRES activity in WGE, but further 
deletion o f 475 nt reduced activity to near background level (F igure 3.6).
Deletions at the 3’ end had a major effect on activity and removal o f the 3 ’ 200 nt 
resulted in an inactive IRES, as seen in the RRL (Figure 3.5).
3.10 The effect of 5’ and 3 ’ deletions of the RhPV IRES in the insect cell line S f l\
The same plasmids were analysed in S fl\  cells. After DNA transfection, LUC and 
CAT activities were measured. LUC activity was then normalised against CAT 
expression to take account o f any differences in transfection efficiencies between the 
plasmids (Figure 3.7). Consistent with the observations made in RRL and WGE, the 
3 ’ end deletion mutants were more affected than the 5’ end deletion mutants (Figure 
3.7).
As observed in the WGE system, four of the six 5’ end mutants directed higher LUC 
expression than the full length 5’UTR (construct Al; Figure 3.7), the 5 ’A200 
construct exhibited about 140% o f wt activity (Figure 3.7).
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Figure 3.5 Analysis of the dicistronic constructs containing 5’ and 3’ deletions in 
the W heat G erm  E xtract system. A) The plasmids of the form pGEM- 
CAT/truncated version/LUC were expressed in the WGE system and analysed by 
SDS-PAGE and autoradiography: CAT expression occurs via the cap-dependent 
translation initiation mechanism, whilst LUC expression is IRES-dependent. B) LUC 
expression was quantitatively measured (Section 2.18) and was normalised against 
CAT expression. LUC activity of the positive control (Al) was set at 100 and the 
activities of the mutant IRES elements were expressed as a percentage o f this. Results 
presented here are representative of two separate experiments.
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Figure 3.6 Analysis of the dicistronic constructs containing 5’ deletions (5’ A350- 
500) in the W heat G erm  E xtract system. A) The plasmids of the form pGEM- 
CAT/truncated version/LUC were expressed in the WGE system and analysed by 
SDS-PAGE and autoradiography: CAT expression occurs via the cap-dependent 
translation initiation mechanism, whilst LUC expression is IRES-dependent. B) LUC 
expression was quantitatively measured (Section 2.18) and was normalised against 
CAT expression. LUC activity o f the positive control (Al) was set at 100 and the 
activities of the mutant IRES elements were expressed as percentage. The construct 
labelled “Al anti” contains the RhPV 5’UTR in the antisense orientation and 
functions as an additional negative control. Results presented here are representative 
o f two separate experiments.
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Figure 3.7 Analysis of the dicistronic constructs containing 5’ and 3 ’ deletions in 
the insect cell line SJ21. The plasmids of the form pGEM-CAT/truncated 
version/LUC were transiently expressed in 5/21 cells. Cell extracts were assayed for 
CAT and LUC expression (Sections 2.17 and 2.18). LUC expression was normalised 
against CAT expression to take account of any differences in transfection efficiency 
between the plasmids. Results are the means (+/- standard error) from three separate 
experiments. A) LUC activities of the constructs 5’ A50-300 and 3 ’ A50-200. B) LUC 
activities of the constructs 5’ A350-500. The construct labelled “Al anti” contains the 
RhPV 5’UTR in the antisense orientation and functions as an additional negative 
control.
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As observed in the RRL and WGE systems, removal o f 300 nt from the 5 ’ end o f the 
RhPV 5’ UTR had little effect on IRES activity, therefore the constructs containing 
further deletions o f 350, 400, 425, 450, 475 and 500 nt at the 5’ end were assayed in 
S fll  cells. The fragments lacking more than 425 nt from the 5’ end were the most 
affected, retaining less than 15 % of the activity o f the entire 5 ’UTR (Figure 3.7 B). 
Deletion o f 50 nt at the 3 ’ end resulted in a dramatic decrease in LUC expression (to 
about 10 % of RhPV A l), which contrasts with the activity o f this sequence in the 
RRL and WGE systems. However, a further deletion o f 50 nt and 100 nt (constructs 
3 ’A100 and 3’A150) restored the activity. When 200 nt were removed form the 3 ’ 
end, the LUC activity dropped to less than 20 % of that o f RhPV Al (Figure 3.7 A).
It should be noted that in all three systems the presence o f the 5 ’UTR sequence in the 
antisense orientation (construct Al anti) resulted in no significant IRES activity 
(Figures 3 .4 ,3 .6 ,3 .7).
3.11 Generating 5’ and 3 ’ combined deletions
The results presented above show that deletion of up to 300 nt from the 5’ end and o f 
150 nt at the 3 ’ end o f the RhPV IRES could be tolerated without completely losing 
activity. We therefore generated further truncated versions o f the RhPV IRES that 
carried deletions at both ends, resulting in the mutants M l50/429, which contains the 
nucleotides between nt 150 and 429, M250/429, which corresponds to nt 250-429, 
and M300/429 which contains the nucleotides between nt 300 and 429 (Figure 3.2). 
The mutants were cloned in the intercistronic space o f the pGEM-CAT/LUC vector 
and assayed in RRL, WGE and S /ll  cells.
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3.12 The effect of 5’ and 3’ combined deletions on RhPV IRES activity in the 
RRL system
In RRL, all the combined deletion mutants retained between 30 and 40 % o f the 
activity o f the wt RhPV IRES. The three constructs expressed similar levels o f CAT 
as expected (Figure 3.8 A).
3.13 The effect of 5’ and 3’ combined deletions on RhPV IRES activity in the 
WGE system
In the WGE system, mutants containing combined deletions at the 5 ’ and 3 ’ ends 
retained 50-80 % LUC expression, higher than the level o f expression observed in the 
RRL (Figure 3.8 B). The smallest combined deletion (M300/429) still retained half of 
the activity seen from the wt RhPV IRES, while the largest one (M150/429) retained 
about 80 % o f IRES activity. All the constructs expressed similar levels o f CAT 
(Figure 3.8 B).
3.14 The effect of 5’ and 3’ combined deletions on RhPV IRES activity in S f l l  
cells
In the transient expression system in S fll cells, combined deletion mutants were still 
able to direct LUC translation, retaining between 35 and 50 % of the activity o f the wt 
RhPV IRES (Figure 3.8 C). As previously, LUC expression were normalised against 
CAT expression.
3.15 Translation of dicistronic RNA transcripts in the RRL and WGE
Further confirmation that the RhPV IRES mutants retained IRES activity was 
obtained using mRNA translational analysis. To rule out the possibility that the
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Figure 3.8 Analysis of the dicistronic constructs containing 5’-3* com bined 
deletions in RRL, W GE and A/21. The 5’-3’ combined deletions were assayed in the 
RRL (A) and WGE (B) and analysed by SDS-PAGE and autoradiography. LUC 
expression was also quantitatively measured (Section 2.18) and was normalised 
against CAT expression. LUC activity of the positive control (Al) was set at 100 and 
the activities of the mutant IRES elements were expressed as percentage. C) After 
transfection into A/21 cells, LUC activity was quantitatively measured (Section 2.18) 
and was normalised against CAT expression. Results are the means (+/- standard 
error) from three separate experiments.
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observed LUC expression was due to the activity o f an internal promoter, and to 
confirm that it was indeed directed by an IRES element, capped mRNA transcripts 
were prepared in vitro from a selection o f linearised pGEM-CAT/truncated 
version/LUC reporter plasmids and assayed in the in vitro RRL and WGE translation 
systems. All the capped transcripts induced efficient CAT expression in both systems 
(Figure 3.9). The constructs containing deletions o f the RhPV 5’UTR directed LUC 
expression consistent with the results obtained in the coupled RRL and WGE TNT 
systems, and those previously obtained by Woolaway et al. (2001; Figure 3.9).
3.16 Transfection of dicistronic RNA transcripts into mammalian cells
The RhPV IRES has been shown to be active in the in vitro cell-free RRL mammalian 
system (Woolaway et al., 2001). However, when the same plasmids were assayed in 
mammalian cells, no IRES activity was detected (Woolaway, 2002). According to the 
widely used method to analyse IRES activity in different cells (Borman et al., 1997; 
Roberts et al., 1998), in this previous study IRES activity was assayed following the 
transfection of T7 promoter-containing dicistronic plasmid DNA into cells that had 
been infected with a recombinant vaccinia virus expressing T7 RNA polymerase. To 
rule out the possibility that vaccinia virus had an inhibitory effect on the RhPV IRES, 
in this study the plasmids were transcribed in vitro and capped RNA transfected into 
the mammalian cell lines BHK and HTK-143. However, consistent with the DNA 
transfection results obtained by Woolaway (2002), the RhPV IRES containing RNA 
transcripts were not able to direct translation o f the downstream cistron (LUC) in 
either o f the mammalian cell lines tested (Figure 3.10). On the other hand, all the 
constructs efficiently expressed CAT, which is a measure of cap-dependent 
translation and acts here as an internal positive control. CAT expression was efficient
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Figure 3.9 Analysis of the dicistronic RNA transcrip ts in the RRL and W GE 
translational systems. Reporter plasmids o f the form pGEM-CAT/IRES/LUC were 
linearised and transcribed in vitro. RNA transcripts were used to programme the 
translation systems RRL (A) and WGE (B) and analysed by SDS-PAGE and 
autoradiography. Results presented here are representative of two separate 
experiments.
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Fig. 3.10 Transfection of dicistronic RNA transcrip ts into m am m alian cells.
Reporter plasmids of the form pGEM-CAT/IRES/LUC were transcribed in vitro. 
RNA transcripts were then transfected into the mammalian cell lines BHK (A) and 
HTK-143 (B). CAT and LUC were measured as described in Sections 2.18 and 2.19. 
CAT is expressed in ng/ml, while LUC in light unit (RLU).
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and measured at around 1.0 ng/ml o f protein in BHK cells and around 1.5 ng/ml in 
HTK-143 cells (F igure 3.10).
3.17 DISCUSSION
The RhPV 5’ IRES functions in mammalian (RRL), insect {Drosophila lysate, S fll  
lysate and S fll cells) and plant (wheat germ extract) systems (Woolaway et a., 2001; 
Kubick et al., 2003; Royall et el., 2004). The novel ability o f the IRES to function in 
all three systems suggested a mechanism o f internal initiation with a less specific 
requirement for translation initiation factors. Indeed, it has recently been shown that 
the RhPV 5’ IRES requires only the mammalian initiation factors eIF2, eIF3 and e lF l 
to form 48S complexes in vitro (Terenin et al., 2005). The factors e lF lA  and eIF4F 
stimulate the assembly o f 48S complexes on the RhPV RNA but are not essential. It 
was also possible to delete large regions o f the 5’ UTR without affecting initiation 
complex formation. However, deletion o f an unstructured region in the 380 nt 
proximal to the initiation codon significantly reduced 48S complex formation. As this 
previous work was carried out using only mammalian factors, we set out to define the 
minimal RhPV sequences required for directing internal initiation in translation 
systems from mammals (RRL), plants (WGE) and insects (*S/21). We created 
truncated versions o f the cDNA corresponding to the RhPV 5’ UTR and analysed 
them in a dicistronic context in RRL, WGE and S fll  cells. We observed that large 
deletions (up to 450 nt from the 5’ end) could be made in the RhPV 5’ UTR sequence 
without losing IRES function in RRL, consistent with previous observations (Terenin 
et al., 2005). Such large deletions (up to 425 nt from the 5 ’ end) can also be tolerated 
without significantly affecting the activity in WGE and S fll  cells. In fact, the 3 ’ 
proximal sequences functioned at least as well as the complete 5 ’ UTR in WGE and
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S fll  systems, sometimes more efficiently. This suggests that the 5 ’ sequences may 
actually be inhibitory in these systems and their removal creates a more efficient 
IRES element. When deletions from the 3 ’ end were analysed, removal o f 150 nt 
reduced IRES activity to a third o f that o f the entire 5’UTR in all the three translation 
systems, and removal o f 2 0 0  nt from the same end resulted in a complete loss of 
activity. This suggests that the 3 ’ proximal sequences may play a more critical role in 
translation initiation than the 5’ regions.
From these results it was apparent that deletion of 300 nt from the 5’ end and 150 nt 
from the 3’ end o f the RhPV 5’ UTR could be tolerated without completely losing 
IRES activity in any o f the three systems used. The 5’-3’ combined deletion mutants 
that were subsequently generated resulted in constructs that remarkably retained at 
least 30-40 % o f the activity o f the full length IRES in all three systems tested, up to 
80 % in WGE. The smallest combined deletion mutant retained about half the activity 
o f the wt IRES, indicating that the region from nt 300 to 429 can function as an IRES. 
The same effect was observed when the region from nt 426 to 579 was analysed. This 
suggests that more than one region o f the RhPV 5’ UTR can function to direct internal 
initiation. From previous work (Terenin et al., 2005), we know that these regions are 
largely unstructured. Therefore, the functional structural unit o f the RhPV IRES 
suggested by our data is in contrast to the conclusions from studies o f viral internal 
initiation o f translation, in which the presence and integrity o f well-defined secondary 
structures are the indispensable core of the IRES. However, certain IRES elements 
from cellular mRNAs share this characteristic. For example, fragments o f the 
immunoglobulin heavy-chain binding protein (BiP) and c-myc IRES elements retain 
function; however, they do not work in RRL (Yang et Samow, 1997; Stoneley et al., 
2000).
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It has been proposed previously (Terenin et al., 2005) that the RhPV 5’ IRES 
probably consists o f several regions that are able to bind ribosomes and factors, and 
the absence o f structure facilitates this process. The results presented here support 
this idea and show that minimal sequences from the RhPV 5’ UTR o f approximately 
130 nt are important for IRES activity in systems o f mammalian, plant and insect 
origin. It is worth noting however, that this “cross-kingdom” activity has not been 
demonstrated for other 5’ IRES elements from the Dicistroviridae. For example, the 
CrPV 5’ UTR functions in RRL, but not in WGE (Wilson et al., 2000), and the PSIV 
IRES functions only in lysates of insect origin (Shibuya and Nakashima, 2006). In 
addition, it appears that the nucleotide sequence and the secondary structures o f the 5’ 
UTRs o f the members o f the Dicistroviridae are not conserved, while the IGR-IRES 
elements are. In the case o f RhPV it may be that the ability of the 5’ UTR to function 
in all three systems allows (or has historically allowed) the virus mRNA to be 
translated within cells o f different origin, and has therefore aided survival and 
competition.
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Chapter 4
ANALYSIS OF THE KAKUGO VIRUS 5’UTR
4.1 Introduction
Picoma-like viruses that infect invertebrates have a positive-sense, single-stranded 
RNA genome that is either monocistronic or dicistronic (van Regenmortel et al., 
2000). The dicistronic viruses have been grouped into the family Dicistroviridae, 
which contains the species Cricket Paralysis virus and Rhopalosiphum padi virus 
(Mayo, 2002). The monocistronic viruses have been grouped in the genus Iflavirus, 
which has not yet been placed within a virus family (Christian et al., 2002). In 
common with the mammalian picomaviruses, the iflavirus genome encodes a single 
large polyprotein, which is post-translationally processed into structural and non- 
structural proteins, from the 5’ end and 3 ’ end, respectively. The open reading frame 
is flanked by untranslated regions. The 5’ UTRs o f the iflavirus genome resembles 
that o f the picomaviruses, being long (400-1200 nt), and containing multiple initiation 
codons. Due to the similarities in the 5’ UTRs o f iflaviruses and picomavimses, it 
could be hypothesized that they share common functions and therefore the iflavirus 5 ’ 
UTRs might contain an Internal Ribosome Entry Site element. An IRES element has 
recently been demonstrated in the iflaviruses Varroa destructor vims 1 (VDV-1; 
Ongus et al., 2006) and Ectropis obliqua picoma-like vims (EoPV; Lu et al., 2006) 
during the course of this project.
The 5’ UTR of the iflavirus Kakugo vims (KV) is 1156 nt long and contains 32 
initiation codons (Fujiyuki et al., 2004), suggesting that the KV 5’UTR may contain 
an IRES element. Therefore, our aim was to analyse potential IRES activity in the KV
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5’UTR and compare this activity with that o f other insect (i.e. RhPV) and mammalian 
picomaviruses (i.e. EMCV).
METHODS
4.2 Construction of dicistronic plasmids containing KV 5’UTR sequences
The KV 5’ UTR and mutations within this sequence were analysed in a dicistronic 
context in the vector pGEM-CAT/LUC (van der Velden et al., 1995; Section 3.2). 
The wt and the mutated IRES elements were inserted in the intercistronic space o f the 
vector, between the ORFs encoding chloramphenicol acetyltransferase (CAT) and 
firefly luciferase (LUC), using the BamHl cloning site. The expression o f the first 
cistron (CAT) occurs via the canonical cap-dependent mechanism, whilst the 
expression o f the second ORF (LUC) occurs only if  the sequence immediately 
upstream contains a functional IRES element (Figure 3.2).
4.2.1 Generating dicistronic plasmids containing the KV 5’ UTR
The 5’ UTR of the KV genome was amplified by PCR (Section 2.1) using a KV 
cDNA clone kindly donated by Dr Kubo, University o f Tokyo, Japan (Fujiyuki et al., 
2004) as template. The primers used (KV F and KV R; Table 4.1) were designed to 
amplify nt 1-1156, the last nucleotide before the predicted initiation codon (nt 1157- 
9). Both primers included BamHI restriction enzyme sites to enable cloning into the 
pGEM-CAT/LUC vector between the two ORFs. The KV 5’UTR was inserted into 
the BamRl digested reporter plasmid in both the sense and anti-sense orientations 
(constructs KV sense and KV as; Figure 4.1). The construct KV sense was prepared 
by an undergraduate project student, Miss Maria Notaridou.
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4.2.2 Generation of 5’ and 3’ truncated versions of the KV 5 ’ UTR
Truncated forms o f the KV IRES element were obtained by PCR (Section 2.1) using 
specific primers (Table 4.1), which contain BamHl sites to enable cloning into the 
pGEM-CAT/LUC vector between the two ORFs. In all the PCR reactions the plasmid 
pGEM-CAT/KV sense/LUC, which contains the entire 5 ’UTR (nt 1-1156) o f KV was 
used as template.
In the case o f the 5’ truncated versions o f the KV 5’UTR, the forward primers were 
designed to amplify versions o f the 5’UTR with deletions o f 200, 300 and 500 nt. 
These primers were designated K 5’A200 F, K5’A300 F, K 5’A500 F (Table 4.1). The 
primer KV R, described above, was used as reverse primer.
In the case of the 3’ truncated versions, reverse primers were designed to obtain 
deletions of 100, 200, 300, 400 and 500 nt from the 3’ end of the 5 ’UTR of KV and 
were named K3’A100 R, K3’A200 R, K 3’A300 R, K 3’A400 R and K 3’A500 R (Table 
4.1). The forward primer KV F described above was used.
The KV 5’UTR mutants were all inserted into the BamHl digested and 
dephosphorylated vector pGEM-CAT/LUC as above (Figure 4.1).
4.3 Analysis of KV IRES elements in S f l l  cells
Insect cells (5/21) were transfected with the constructs o f the form pGEM-CAT/IRES 
/LUC as described in Section 2.24 and analysed by LUC and CAT assay (Sections
2.18 and 2.19).
4.4 Analysis of KV IRES elements in BHK and HTK-143 cells
The dicistronic plasmids were transiently transfected into mammalian cells (BHK and 
HTK-143; Section 2.23.1). After overnight incubation, cells were harvested in 200 jil
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P rim er Name Sequence 5f-3f N t position
KV F ATGGATCCGAATTCTAGGGCGATTTATG 1 - 2 0
KV R ATGGATCCAAGATTATTAATTAATATATATAA 1156-1133
K5' A200 F ATGGATCCGCACTTAGTGTCTGT 201-215
K5' A300 F ATGGATCCCAATATCGAAGGAAAAAT 301-318
K5' A500 F ATGGATCCGTTTGATGTGATAATAGA 501-518
K3' A100 R AT GG ATCCT GT A AT AT ATTT CGC A AT 1056-1039
K3? A200 R ATGGATCCTGTCTTTCCATCCGC 956-942
K31 A300 R ATGGATCCAAGGATTCTTGCTAAAGG 856-838
K3f A400 R ATGGATCCTATCGCAGAAATTACTAC 756-739
K3' A500 R ATGGATCCACCATCTAATTTAATCCA 656-639
Table 4.1 Sequences (5’-3’) of PC R  prim ers used in the mutagenesis of the KV 
5’UTR to create 5’ and 3 ’ trunca ted  versions. Primers were obtained from Sigma 
Genosys Ltd. F denotes the forward primers, while R the reverse primers. Underlined 
are the BamEl restriction enzyme sites included for cloning purposes.
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5’ 3 ’
KV sense 1 __________________________________________________ 1156
K V as 1156__________________________________________________  1
K5’ A200 201   1156
K5’ A300 301 ----------------------------------------------------  1156
K5’ A500 501   1156
K3’ A100   1056
K3’ A200   956
K3’ A300   856
K3 ’ A400  756
K3’ A500   656
T7 prom oter
o CAT
BamHl
----------------------
LUC
________________
Figure 4.1 Schem atic representation of the dicistronic constructs of the form  
pGEM -C AT/IRES/LUC. The KV 5’ UTR and its deletetion mutants were obtained 
by PCR and inserted in the intercistronic space of the dicistronic vector pGEM- 
CAT/LUC using the BamHl cloning site.
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o f lysis buffer (Promega) and LUC and CAT expression analysed. Western blot 
analysis was performed on the cell extracts with antibodies to detect CAT and LUC as 
described in Section 2.17.
4.5 Sequence alignments
Multiple sequence alignments were conducted using the ClustalW program o f 
Thompson et al. (1994). The GenBank accession numbers used in this study were: 
AB070959 for KV, and AF022937 for RhPV.
4.6 Analysis of KV IRES elements in the TNT RRL and WGE systems
The dicistronic constructs were analysed in the coupled transcription and translation 
(TNT) system as described in Sections 2.14 and 2.15. The samples were analysed by 
SDS-PAGE and autoradiography (Section 2.16) and LUC assay (Section 2.18).
RESULTS
4.7 Analysis of the KV 5’ UTR in the RRL system
The entire 5 ’ UTR of KV (nt 1-1156, construct KV sense) was inserted into the 
dicistronic reporter plasmid pGEM-CAT/LUC between the two ORFs. A second 
dicistronic construct was prepared and contained the identical KV sequence but 
inserted in the opposite (antisense) orientation (construct KV as). The well- 
characterised IRES elements from the picomavirus EMCV and from the dicistrovirus 
RhPV (5’ IRES element) were used as positive controls. The empty plasmid pGEM- 
CAT/LUC lacking any IRES element (No IRES construct) was used as a negative 
control.
In the RRL coupled transcription and translation (TNT) system all the dicistronic
constructs expressed CAT efficiently, as expected (Figure 4.2 A). Plasmids 
containing the RhPV, EMCV and KV sense IRES elements also showed high levels 
o f LUC expression (Figure 4.2 A). LUC activity from the construct RhPV was set at 
100 and the activities o f the other IRES elements were expressed as a percentage o f 
this IRES activity. KV sense was measured at about 160 % compared to the RhPV 
IRES. In its antisense orientation (construct KV as), LUC activity was in line with 
that from the pGEM-CAT/LUC negative control (Figure 4.2 A). The EMCV IRES 
displayed, not surprisingly, the highest activity, being 1800 % the activity from the 
RhPV IRES.
4.8 Analysis of the KV 5’ UTR in the W G E system
Although it is known that the insect picoma-like viruses do not replicate in plant 
systems, it has been shown that the IRES elements from the IGR of CrPV and the 5 ’ 
UTR of RhPV are functional in an in vitro translation system of plant origin (Wilson 
et al., 2000; Woolaway et al., 2001). We therefore assessed the ability o f the KV 5’ 
UTR to function as an IRES in this system. The same plasmids were assayed in the 
WGE TNT system. All the constmcts displayed efficient CAT expression in the WGE 
system, as expected (Figure 4.2 B). The RhPV IRES and the KV IRES were also able 
to direct expression o f LUC (Figure 4.2 B). LUC activity from the KV sense 
constmct was measured at about 60 % of that observed with the RhPV 5’ IRES. In its 
antisense orientation (constmct KV as), LUC expression was in line with that o f the 
negative controls (Figure 4.2 B). As previously demonstrated, the EMCV IRES was 
not active in this system.
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A) RRL B) WGE
Figure 4.2 Analysis of the dicistronic constructs containing the 5 ’ UTR of KV in
the RRL and in the W GE TNT systems. The plasmids of the form pGEM- 
CAT/IRES/LUC were expressed in the RRL and the WGE systems and analysed by 
SDS-PAGE and autoradiography. In both systems, the construct containing the RhPV 
was used as positive control and the constructs named No IRES and KV as were used 
as negative controls. In the RRL (A) the EMCV IRES functioned as an additional 
positive control. In the WGE (B) the EMCV IRES was used as an additional negative 
control. LUC expression was quantitatively measured (Section 2.18) and was 
normalised against CAT expression. LUC activity of the positive control RhPV was 
set at 100 and the activities of the other IRES elements were expressed as a 
percentage of this and are reported under the gels. Results presented here are 
representative of two separate experiments.
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4.9 Analysis of the KV 5’ UTR in insect cells
The insect cell line S fll  has been widely used to study IRES elements from the insect 
picoma-like viruses, both from the family Dicistroviridae, e.g. RhPV and PSIV, and 
from the floating genus Iflavirus, as shown for VDV-1 and EoPV (Royall et al., 2004; 
Lu et al., 2006; Ongus et al., 2006; Shibuya and Nakashima, 2006). Therefore, the 5 ’ 
UTR of KV was assayed in 5/21 cells for IRES activity. In this system, the RhPV 5’ 
IRES acted as a positive control, while the constmct containing the EMCV IRES and 
the constmct that lacks an IRES element were used as negative controls. After 
transfection o f the dicistronic plasmids o f the form pGEM-CAT/IRES/LUC into S fll  
cells, LUC and CAT activities were measured. LUC activity was then normalised 
against CAT expression to take account o f any differences in transfection efficiencies 
between the plasmids (Figure 4.3). The KV 5’UTR was able to direct expression o f 
the downstream cistron (LUC) and displayed three times the activity o f the RhPV 
IRES. The LUC activity o f KV as constmct was close to background level (Figure 
4.3). As expected, the EMCV IRES was not functional in this system (Figure 4.3).
4.10 Analysis of the KV 5’ UTR in mammalian cells
Since the KV 5’UTR displayed IRES activity in a cell-free mammalian in vitro 
system, we set out to investigate whether this activity is seen in cell lines o f 
mammalian origin. The dicistronic constmcts were transfected into the mammalian 
cell lines BHK and HTK-143. In this case, the plasmid pGEM-CAT/EMCV/LUC was 
used as a positive control, while the plasmids pGEM-CAT/RhPV/LUC and pGEM- 
CAT/LUC were used as negative controls. Western blots were performed to detect 
LUC and CAT expression. In both cell lines, CAT expression was efficient from all 
constmcts, while LUC expression was only detected in the positive control, EMCV
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Figure 4.3 Analysis of the KV 5’UTR in the insect cell line, Sfll.  Plasmids of the 
form pGEM-CAT/IRES/LUC were transiently expressed in Sfl\ cells. Cell extracts 
were assayed for CAT and LUC expression (Sections 2.18 and 2.19). LUC activity 
was normalised against CAT expression. LUC activity from the positive control 
RhPV IRES was set at 100 and the activity from the other IRES elements was 
expressed as a percentage of this. Results presented here are from two separate 
experiments (El and E2).
  — |
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(F igure 4.4). A LUC assay confirmed the results obtained by Western blot analysis. 
On the basis o f these results it can be concluded that the KV 5’UTR does not function 
as an IRES in these mammalian cells.
4.11 Analysis of trunca ted  form s of the KV IRES
The results presented above established that the KV genome contains an IRES 
element in its 5 ’UTR. Mutational analysis o f IRES elements has proved to be very 
useful for determining areas and structures o f importance for IRES activity. 
Therefore, we set out to study the effect o f 5’ and 3 ’ mutations on the KV IRES in an 
attempt to delineate the boundaries o f this IRES. We generated deletions at the 5 ’ end 
o f the KV IRES o f 200, 300 and 500 nt (constructs K5’A200, K 5’A300 and K5’A500; 
F igure 4.1) and at the 3 ’ end o f 100, 200, 300, 400 and 500 nt (constructs K 3’A100, 
K 3’A200, K3’A300, K 3’A400 and K3’A500; F igure 4.1). The truncated IRES 
elements were cloned into the intercistronic space o f the dicistronic vector pGEM- 
CAT/LUC. The ability o f these truncated versions o f the KV IRES to direct 
translation initiation was analysed in the same systems in which the entire IRES is 
functional, the RRL system, the WGE system and S fll  cells.
4.12 Analysis of 5’ and 3 ’ m utants of the KV IRES in the R R L system
The dicistronic constructs were used to programme the RRL coupled transcription and 
translation system along with a positive control, the wt KV IRES (construct KV 
sense), and two negative controls (constructs o f the form pGEM-CAT/LUC (No 
IRES), and the construct pGEM-CAT/KV as/LUC). All the constructs expressed 
similar levels o f the upstream cistron, CAT, which is a measure o f cap-dependent 
translation (Figure 4.5). The KV constmcts containing 5’ deletions were also able to
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Figure 4.4 Analysis of the KV 5’UTR in the m am m alian cell lines BH K and 
HTK-143. Plasmids of the form pGEM-CAT/IRES/LUC were transiently expressed 
in BHK (I) and HTK-143 (II) cells. Cell extracts were assayed for CAT (B) and LUC 
(A) expression by Western Blot analysis. LUC activity was also quantitatively 
measured (C). The results presented here are representative of two separate 
experiments.
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Figure 4.5 Analysis of 5’ and 3 ’ deletions of the KV IRES in the RRL system. A)
Plasmids of the form pGEM-CAT/tmncated version/LUC were expressed in the RRL 
system and analysed by SDS-PAGE and autoradiography. B) LUC expression was 
quantitatively measured (Section 2.18) and was normalised against CAT expression. 
LUC activity of the positive control (KV sense) was set at 100 and the activities o f the 
mutant IRES elements were expressed as a percentage of this. Results presented here 
are representative of two separate experiments.
128
direct efficient expression o f LUC (Figure 4.5). The KV IRES containing a deletion 
o f the first 100 nt at the 5’ end (construct K 5’A100) retained almost 80% o f the wt 
IRES activity. Further deletion o f 200 nt (construct K 5’A300) did not affect the ability 
to direct expression o f LUC, since LUC activity was measured at around 100 % o f the 
wt control. Deletion o f  the 5’ 500 nt (construct K 5’A500) resulted in much higher 
activity than the entire KV 5’UTR (170 % o f wt), suggesting that the resulting 
sequence may lack 5 ’ end sequences that might have an inhibitory effect on activity 
(Figure 4.5).
Deletions at the 3 ’ end o f the KV 5’UTR had a more pronounced effect on the ability 
to direct internal initiation. Only the construct that carried a deletion at the 3 ’ end o f 
100 nt retained IRES activity, displaying about equal activity to the entire KV IRES 
(Figure 4.5). The remaining mutations, which removed 200, 300, 400 and 500 nt 
from the 3 ’end did not display IRES activity, suggesting that the 3 ’ end o f the KV 
IRES plays a more important role in directing initiation o f translation in the RRL than 
the 5’ sequences.
4.13 Analysis of 5’ and 3 ’ mutants of the KV IRES in the WGE system
In the WGE coupled transcription and translation system the truncated versions o f the 
KV IRES displayed similar activities as in the RRL. The mutant K5’A200 functioned 
as efficiently as the wt IRES, and the constructs K 5’A300 and K5’A500 were 35% 
more efficient than the wt control (Figure 4.6). In the case of the 3’ truncated IRES 
elements, only the construct K 3’A100 retained activity, about 40 % of the wt IRES. 
The other 3 ’ end deletions resulted in a reduction in LUC espression to near 
background level (Figure 4.6).
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Figure 4.6 Analysis of 5’ and 3 ’ deletions of the KV IRES in the W GE system. A)
Plasmids of the form pGEM-CAT/truncated version/LUC were expressed in the RRL 
system and analysed by SDS-PAGE and autoradiography. B) LUC expression was 
quantitatively measured (Section 2.18) and was normalised against CAT expression. 
LUC activity of the wt IRES (KV sense) was set at 100. The activities o f the mutant 
IRES elements were expressed as a percentage of this. Results presented here are 
representative of two separate experiments.
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4.14 Analysis of 5’ and 3’ mutants of the KV IRES in insect cells
The dicistronic plasmids o f the form pGEM-CAT/truncated IRES/LUC were assayed 
in the insect cell line, S fll.  After transfection, cell extracts were analysed for CAT 
and LUC expression. As before, LUC expression was normalised against CAT 
expression to take into account any differences in transfection efficiencies between, 
the plasmids (Figure 4.7). In the insect cells the 5’ truncated mutants K 5’A200 and 
K 5’A300 functioned more efficiently (200%) then the wt IRES, and even the 
construct K 5’A500 retained 95 % of the activity o f the wt IRES (Figure 4.7). In this 
system the shortest construct (K5’A500) showed the least activity, while the two 
longer constructs were the most efficient.
In the case o f the 3 ’ truncated versions, the construct K 3’A100 retained full activity, 
as observed in the RRL and the WGE systems, and even appeared to stimulate 
expression o f the downstream LUC (160 % of wt IRES). This is in contrast to the 
observations in the WGE, in which the same deletion reduced internal initiation by 50 
%. None o f the other constructs containing 3 ’ end deletions were able to direct 
expression o f LUC (Figure 4.7).
4.15 Sequence alignments
The results presented above indicated that the KV IRES displayed cross-kingdom 
activity similar to our observations with the RhPV 5’ IRES. Therefore, we set out to 
investigate if  there was any sequence conservation between the two 5’UTRs and 
between their shortest IRES sequences identified so far. Alignment o f the entire KV 
5’UTR (nt 1-1156, accession number AB070959) and the RhPV 5’UTR (nt 1-579, 
accession number AF022937) was performed using the ClustalW program (Higgins et 
al., 1994). The RhPV 5’ IRES aligns well with the 3 ’ end o f the long KV 5’UTR
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No DNA 
No IRES
KV sense 
KV as 
K5’A200 
K 5’A300 
K 5’A500 
K3’A100 
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Figure 4.7 Analysis of the KV IRES elements containing 5’ and 3’ deletions in 
the insect cell line Sfll.  The plasmids of the form pGEM-CAT/truncated 
version/LUC were transiently expressed in Sf21 cells. Cell extracts were assayed for 
CAT and LUC expression (Sections 2.18 and 2.19). LUC activity was quantitatively 
measured and was normalised against CAT expression. LUC activity of the positive 
control KV sense was set at 100 and the activities of the other IRES elements were 
expressed as a percentage of this. Results presented here are from two separate 
experiments (El and E2).
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(Figure 4.8). This reflects the high A/U content o f these regions. In fact the entire 
RhPV 5’UTR and the 3 ’ end o f the KV 5’UTR (nt 500-1156) are very A/U rich, the 
A/U content being 6 6 % for the RhPV and about 73% for the KV IRES elements 
(Moon et al., 1998; Fujiyuki et al., 2004). The KV 5’UTR was also aligned with the 
5 ’UTR of the dicistrovirus PSIV (Figure 4.9). Contrary to the observations with the 
RhPV 5’UTR, homology between the KV and PSIV 5’UTRs was found in the 5 ’half 
o f the KV 5’UTR. Although PSIV and RhPV are members of the same family 
Dicistroviridae, their 5’UTRs are not conserved (reviewed in Jan, 2006). Our 
mutational analysis revealed that the 5’ end o f the KV 5’UTR is not involved in IRES 
activity. Therefore, the homology o f this region with the PSIV 5’UTR does not appear 
to be significant in the context o f IRES-mediated translation. Conversely, the 
homology of the 3 ’ end o f the KV 5’UTR with the RhPV 5’UTR suggests a similar 
mechanism o f internal initiation. Since we have shown that the KV mutant K 5’A500 
retains high IRES activity, we investigated whether there was conservation between 
this version of the KV IRES and one of the minimal sequences o f the RhPV IRES 
element. The KV mutant K 5’A500 was used in the alignment along with the RhPV 
IRES sequence corresponding to nt 450-579 (C hap ter 3). This analysis showed that 
the RhPV 130 nt IRES aligns well with the very 3 ’ end region o f the KV 5’UTR, 
showing 57% homology (Figure 4.10). This finding would suggest the possibility o f 
deleting further nucleotides at the 5’ end o f the KV 5’UTR without affecting IRES 
activity, since the resulting construct would have a high degree of similarity with the 
RhPV IRES. In addition, the last AUG codon before the predicted functional codon is 
found at nt 972-4 (in red in F igure 4.8). Although it is not in a good context 
according to Kozak (1991), this AUG is found in a region with low potential for 
strong secondary structures, given the high A/G content. There is the possibility that
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CLUSTAL W (1.83) multiple sequence alignment
RhPV ------------------ ---------- ----------------------------------------------------------------------------------------------------
KV GAATTCTAGGGCGATTTATGCCTTCCATAGCGAATTACGGTGCAACTAACAATTTTAGAT 60
RhPV ---------------------------------------------------------------------------------------------------------------------------------
KV AGTAGCCATGAACAAACATTATAGTAGCTCACTACGTATTGATCATTTTTATAATGACTT 1 2 0
RhPV ----------------------------- ---------- -----------------------------------------------------------------------------------------
KV GCGTAGYATGAAGCGCTGCTTGTAGTTGTAACTATGTTAYTTTGCAAGTTGGAGTTTACT 1 8 0
RhPV ---------------------------------------------------------------------------------------------------------------------------------
KV ATTTTGGATTATGAATATGTGCACTTAGTGTCTGTATTTATAGTCGTTTGTGGTTCAAGG 2 4  0
RhPV ---------------------------------------------------------------------------------------------------------------------------------
KV TTTTGTGTTAGTAGTACATTTATGTATGAATGTACCTTTAGTATGAATGTTATAGAATGA 3 0 0
RhPV ---------------------------------------------------------------------------------------------------------------------------------
KV CAATATCGAAGGAAAAATCTTTATAAAATACAAAAATATTGTTTTWATTACTTCGATATG 3 6 0
RhPV ---------------------------------------------------------------- ------------------------- ---------- ----------------------------
KV GTGTTTTATAGAGTAGATTGCCATGTGACCGCTCATAGAAGTCCATTATGGTTTATCAAT 4 2 0
RhPV ------------------------------------------ ---------------------------------------------------------------------------------------
KV CGAAGTTGAATGTATTTATAAGAATATTATACTTAATTAGTAATATTAGTAGTCCGTAAC 4 8 0
RhPV  GATAAAAGAAC -  CTATAATCCC----------------------2 1
KV TATTATCATCCTTTTTTACAGTTTGATGTGATAATAGACCACTGCAGTATCGAGTAGAGT 54  0
***** * * * * * * * * *
RhPV TTCGCACACC- -GCGTCACACCGCGCTATATGCTGCTCATTAGGAATTACGGCTCCTTTT 7 9
KV TTCGAATGCGTAGTGCAATAGTACAATCACTGTCACCGACCATCTATTGTAATGATAGAT 6 0 0
* * * * * *  * * * *  * *  * *  * * *  * * *  *
RhPV TTGT -  GGATACAATCTCTTGTATACGATATACTTATTGTTAATTTGATTGACCTTTACGC 1 3 8
KV CTGTCGGAAACCATTATTTATGAAGTGACTAGCAATCATGGATTAAATTAGATGGTATTC 6 6 0
* * * * * * * * * *  * * *  *  * *  *  *  *  * * *  * * *  ★ *  *
RhPV -AATCCTGCGTAAATGCTGGTATAGGGTGTACTTCGGATTTCCGAGCC- -  TATATTGGTT 1 9 5
KV TAGTTTAGAGGTGATTCGGCGCTGCGGTGCGACTGAAACTTCTAAATTAGCATGTCAGAT 72  0
* *  *  *  * * ★ *  *  * * * *  *  * * * *  *  *  *  *  * *
RhPV T ------------TGAAAGGACCTTTA- -AGTCCCTACTATA CT ACATTGTACTAGCGTA 2 4 1
KV TGTATTATGAATGCGTTAGTAGTAATTTCTGCGATAGAGCTGGGACCCCTCAGTCTCTCA 7 8 0
*  * * * * *  * *  * *  * * * * * *  *  *  * *  * *  *  *
RhPV GGCCACGTAGGCCCGTAAGATATTATAACTATTTTATTATATTT TATTCACCCCCCA 2 9 8
KV GGTATTGTATGAGGCGAAAGTGTGAAAGTTTTGTATATGTTTTTATATATACGACTGTAT 8 4  0
* *  * * *  *  * *  * * * *  * * *  * *  * * *  * * *  *  *
Figure 4.8 Sequence alignm ent of the 5 ’ UTRs from  R hPV  and KV. The
5’UTR o f RhPV (nt 1-579) was aligned with the 5’UTR of KV (nt 1-1156) 
using the software ClustalW. The accession number of the RhPV genome is 
AF022937 and o f  the KV genome is AB070959.
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RhPV CATTAATCCC AGTTAAAGCTTTATAACTATAA- GTAAGCCGTGC----------------CGAAAC 3 4 7
KV CGGGAATTCCTTTAGCAAGAATCCTTTTAATACAGTATAATTTGTGCTACGGTACGTTAC 90 0
★ *  *  *  *  *  *  *  *  *  * * * * * *  *  *  *  *  *  *  *  *  *  *  *
RhPV GTTAATCGGTCGCTAGTT GCGTAACAACTGTTAGTTTAATTTTCCAAAATTTATTTT 4 04
KV GTTCGCAGGGCACCCGTTAATGTCTCATAGCCCAGACGATGGCGGATGGAAAGACATCAT 9 6 0
*  *  *  *  *  *  *  *  *  *  *  *  *  *  *  ★ *  ★ *  ★
RhPV TCACAATTTTTA-GTTAAGATTTTAGCTTGCCTTAAGCAGTCTTTATATCTTCTGTATAT 4 63
KV ATTTTATTTTAATGCTGTCTTTATTGCTGATTTATTTTGCTGTTTTTATTTGCTATTTTA102 0
* * * * * * * *  * * * * * *  * * * * * * * * * * * * *
RhPV TATTT- - TAAAGTTTATAGGAGCAAAGTTCGCTTTACTCGCAATAGCTATTTTATTTATT 5 2 1
KV TATTTGCTAATTTTCATTATTGCGAAATATATTACATT - GCTATTTTTATTATATACGCT10 7 9
* * * * *  * ★ ★  * * * *  * * * * *  *  * * * * * *  ★ ★ * * ★ * ★  *
RhPV TTAGG- AATATTATC- ACCTCGTAATT ATTTAATTATAACATTAGCTTTATCTATTT 5 7 6
KV AGATTCAATTTTATTTATCCTATATTTTCAATTTAATTTTGATTTTGAAGGTAAATATAT113  9
*  * * *  * * * *  *  *  * *  * *  * * * * * * * *  *  *  * *  * *  * * *  ★
RhPV ATA------------------------------ 5 7 9
KV ATAATTAATTATTAGAA 1 1 5  6
Figure 4.8 - Continued
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KV GAATTCTAGGGCGATTTATGCCTTCCATAGCGAATTACGGTGCAACTAACAATTTTAGAT 60
P S IV  ---------------------------------------------------------------------------------------------------------------------------------
KV AGTAGCCATGAACAAACATTATAGTAGCTCACTACGTA-TTGATCATTTT-TATAATGAC 1 1 8
P S IV  ------------------------------------------------ GCAAAATGGGTACGTAGTTAACCACTGCGTATCAGGA- 3 7
*  *  * * * * * *  *  *  *  *  *  *  * * *  *  * *
KV TTGCGTAGYATGAAGCGCTGCTTGTAGTTGTAACTATGTTAYTTTGCAAGTTGGAGTTTA 1 7 8
P S IV  TTGCAGGCCACGAAGGG- TATTTGCATATCTTTCTATGCGGTATTACGGCTTAAAACCCG 96
*  *  *  *  * * * * * * *  * * * *  *  *  * * * * *  * * *  * *  *
KV CT -  -  ATTTTGGATTATGAATATGTGCACT -  -  TAGTGTCTGTATTTATAGTCGTTTGTGGT 2 3 4
PS IV  TTGTATCTTGTAGTTTGACTGCCTGTATCACTAGTGGCCAT -  TTTATTTAGGTTAGAGAC 1 5 5
*  * * * * * * * * * * *  * * *  * * * * * *  * * * * * *  * * * * *
KV TCAAGGTTTTGTGTTAGTAGTACATTTATGTATGAATGT - ACCTTTAGTATGAATGTTAT 2 9 3
P S IV  CCCTGATAGTAGGAGAGTTACAAACTCTTTAAAAATTGTTGACCCCGGAAAAGATGGTGA 2 1 5
*  * *  *  *  * * *  * * *  *  *  * * * *  *  * *  * * * *
KV AGAATGACAATATCGAAGGAAAAATCTTTATAAAAT ACAAAAATATTGTTTTWATTA 3 5 0
PS IV  CCCCTGTAAGTAGTTGATCTAGAAGATCTATGCGCTGGCATAGTAATCCAGTGTTTCCTG 2 7 5
* *  *  * *  *  *  * *  *  * * *  *  *  *  * * *  * *  * *  *
KV CTTCGATATGGTGTTTTATAGAGTAGATTGCCATGTGACCGCTCATAGAAGTCCATTATG 4 1 0
P S IV  TTTTAGGATGACCTCTGA--AAGTAGATGACCGTGGAAAGTCACGTAGTGCCCCAATAAG 3 3 3
* *  *  *  *  * * *  * * * * * * *  *  *  *  *  *  * * * * *  * * * * * *
KV GTTTATCAATCGAAGTTGAATGTATTTATAAGAATATTATACTTAATTAGTAATATTAGT 4 7 0
P S IV  CACGTTTGGGCAGCGTGCGCTATCACAAGGCTTGATCTCCGAGGAGCCCCTTGTTTTAGC 3 9 3
*  *  * *  *  *  *  *  *  *  *  * * * *
KV AGTCCGTAACTATTATCATCCTTTTTTACAGTTTGATGT- GATAATAGACCACTGCA-- G 5 2 7
P S IV  TGGCTGGAAGC- CAATGATCTTAAGTAGATAAGTGCTGTTGCTTGTAGTTCAACAGAAAG 4 52
*  *  *  * *  * *  * * *  *  *  * *  * * *  *  *  * * *  * *  *  *
KV TATCGAGTAGAGTTTCGAATGCGTAGTGCAATA-GTACAATCAC- TGTCACCGACCAT- C 5 8 4
PS IV  CTTTGAGTAC -  GTCTTTCTTGCGAGAAAGAACACATGCATTCTTATGCTCTCAATTCTAT 5 1 1
* * * * * *  *  *  *  * * * *  *  *  *  * * * * *  *  *  * *  *
KV TATTGTAATGATAGATCTGTCGGAAACCATTATTTATGAAGTGACTAGCAATCATGGATT 6 4 4
P S IV  TATTTTTATTTTGGGCGAAAGGAAAGCTCTCACGCGAGTACGAATAGCCAACCCTTTAT- 5 7 0
* * * *  *  * *  *  *  *  * *  *  *  *  *  *  *  * * *  *  *  * *
KV AAATTAGATGGTATTCTAGTTTAGAGGTGATTCGGCGCTGCGGTGCGACTGAAACTTCTA 7 0 4
P S IV -----------------------------------------------------------------------------------------------------------------------------------------------------------
KV AATTAGCATGTCAGATTGTATTATGAATGCGTTAGTAGTAATTTCTGCGATAGAGCTGGG 7 6 4
P S IV -----------------------------------------------------------------------------------------------------------------------------------------------------------
Figure 4.9 Sequence alignm ent of the 5’ UTRs from  KV and PSIV. The 5’UTR of 
KV (nt 1-1156) was aligned with the 5’UTR of PSIV (nt 1-571) using the software 
ClustalW. The accession number of the KV genome is AB070959 and o f the PSIV is 
AB006531. In red is the last ATG (nt 972-5) in the KV before the predicted initiation 
codon (nt 1157-9).
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KV
P S IV
ACCCCTCAGTCTCTCAGGTATTGTATGAGGCGAAAGTGTGAAAGTTTTGTATATGTTTTT 8 2 4
KV ATATATACGACTGTATCGGGAATTCCTTTAGCAAGAATCCTTTTAATACAGTATAATTTG 8 8 4
P S IV  ---------------------------------------------------------------------------------------------------------------------------------
KV TGCTACGGTACGTTACGTTCGCAGGGCACCCGTTAATGTCTCATAGCCCAGACGATGGCG 9 4 4
P S IV  ---------------------------------------------------------------------------------------------------------------------------------
KV GATGGAAAGACATCATATTTTATTTTAATGCTGTCTTTATTGCTGATTTATTTTGCTGTT10 0 4
P S IV  ---------------------------------------------------------------------------------------------------------------------------------
KV TTTATTTGCTATTTTATATTTGCTAATTTTCATTATTGCGAAATATATTACATTGCTATT1064
P S IV  ---------------------------------------------------------------------------------------------------------------------------------
KV TTTATTATATACGCTAGATTCAATTTTATTTATCCTATATTTTCAATTTAATTTTGATTT1124
P S IV  ---------------------------------------------------------------------------------------------------------------------------------
KV TGAAGGTAAATATATATAATTAATTATTAGAA 1 1 5 6
P S IV  --------------------------------------------------------------------
Figure 4.9 - Continued
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RhPV
KV GTTTGATGTGATAATAGACCACTGCAGTATCGAGTAGAGTTTCGAATGCGTAGTGCAATA 60
RhPV
KV GTACAATCACTGTCACCGACCATCTATTGTAATGATAGATCTGTCGGAAACCATTATTTA 1 2 0
RhPV
KV TGAAGTGACTAGCAATCATGGATTAAATTAGATGGTATTCTAGTTTAGAGGTGATTCGGC 18 0
RhPV
KV GCTGCGGTGCGACTGAAACTTCTAAATTAGCATGTCAGATTGTATTATGAATGCGTTAGT 2 4 0
RhPV
KV AGTAATTTCTGCGATAGAGCTGGGACCCCTCAGTCTCTCAGGTATTGTATGAGGCGAAAG 3 0 0
RhPV
KV TGTGAAAGTTTTGTATATGTTTTTATATATACGACTGTATCGGGAATTCCTTTAGCAAGA 3 6 0
RhPV
KV ATCCTTTTAATACAGTATAATTTGTGCTACGGTACGTTACGTTCGCAGGGCACCCGTTAA 4 2 0
RhPV
KV TGTCTCATAGCCCAGACGATGGCGGATGGAAAGACATCATATTTTATTTTAATGCTGTCT 4 8 0
RhPV
KV
--------------------------------------------------------- ATCTTCTGTATATTATTT-- TAAAGTTTATAGG
TTATTGCTGATTTATTTTGCTGTTTTTATTTGCTATTTTATATTTGCTAATTTTCATTAT
* * ★ * * * * * * * * ★ * * * * * * *
3 1
5 4 0
RhPV
KV
AGCAAAGTTCGCTTTACTCGCAATAGCTATTTTATTTATTTTAGG-AATATTATC-ACCT 
TGCGAAATATATTACA-TTGCTATTTTTATTATATACGCTAGATTCAATTTTATTTATCC 
* * * * * * * * * * * *  * * * * * * *  * * * * * * * * *  * *
89
5 9 9
RhPV
KV
CGTAATT-----ATTTAATTATAACATTAGCTTTATCTATTTATA-----------------------------  1 2 9
TATATTTTCAATTTAATTTTGATTTTGAAGGTAAATATATATAATTAATTATTAGAA 6 56  
** ★* * * * * * * * *  * * ** ** **★ **★★
Figure 4.10 Sequence alignm ent of functional IRES sequences of the 5’ IRES 
elements of RhPV and KV. One of the minimal RhPV IRES sequences (nt 450-579, 
labelled nt 1-129 in the Figure) was aligned with the functional KV mutant K 5’A500 
(nt 501-1 156, labelled nt 1-656 in the Figure) using the software ClustalW. The score 
of the alignment was 55. In red is an 8 nt (ATTTAATT) motif conserved between the 
two sequences, which correspond to nt 1111-1117 in the KV genome and to nt 547- 
554 in the RhPV genome, and a 5 nt (TATTT) conserved motif. The accession 
number of the RhPV genome is AF022937 and of the KV genome is AB070959.
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this AUG could be chosen as the initiation codon by a scanning ribosome that landed 
upstream o f this AUG. The fact that it is not used as the initiation codon might 
suggest that it lies upstream of a single-stranded RhPV-like internal initiation site. 
Mutational analysis of the 3 ’ end o f the KV IRES showed that 100 nt can be deleted 
and full IRES activity is retained. Therefore, the resulting KV sequence, 
corresponding to nucleotide 972-1056, was analysed for motif conservation with the 
minimal RhPV IRES sequence (Figure 4.11). The resulting data showed that the 
predicted KV minimal IRES sequence would share a large degree o f conservation 
(57%) with the RhPV minimal IRES. In addition, conserved motifs o f 5-8 nt (TATTT 
and ATTTAATT in Figure 4.10; CTTTA, TATTTT and TTTTA in Figure 4.11) 
were identified.
4.16 DISCUSSION
The results presented here show that the insect picoma-like virus Kakugo virus 
contains an IRES element in its 5 ’UTR. When compared with the RhPV 5’IRES in 
the RRL system, the KV IRES was able to direct internal initiation more efficiently 
(160%) than the RhPV 5’IRES (set at 100%), but much less efficiently than the 
mammalian picomavirus EMCV IRES, which displayed ~ 1100% o f the activity o f the 
KV IRES (corresponding to ~1800% of the RhPV 5’IRES activity). In insect cells the 
efficiency o f the KV IRES was greater than that o f the RhPV 5’IRES (300%). In the 
WGE, the KV IRES was also able to direct internal initiation, and the efficiency o f 
the KV IRES was ~60% that o f the RhPV IRES. Validation o f these coupled 
transcription and translation experiments is currently ongoing with RNA analysis (i.e. 
mRNA translation, Northern Blot analysis).
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RhPV ATCTTCTGTATATTATTTTAAAGTTTATAGGAGCAAAGTTCGCTTTACTCGCAATAGCTA 60
KV  CTGTCTTTATTGCTGAT- -TTA 2 0
★ * ★ ★ ★ ★ ★  *  *  ★ *
RhPV TTTTATTTATTTTAGGAATATTATCACCTCGTAATTATTTAATTATAACATTAGCTTTAT 12  0
KV TTTTGCTGTTTTTAT------------ TTGCTATTTTATATTTGCTAATTTTCATTATT- GCGAAAT 74
RhPV CTATTTATA 12 9
KV ATATT-ACA 82
★ ★ ★ ★ ie -k
Figure 4.11 Sequence alignm ent of the minimal RhPV 5’IRES m utant with the 5 ’ 
IRES elements of KV. One of the minimal RhPV IRES sequences (nt 450-579) was 
aligned with the KV sequence nt 975-1056 in an attempt to predict the minimal KV 
IRES sequence. Nt 975 is the first nt after the last ATG codon in the 5’UTR. Nt 1056 
was chosen as the 3’ end boundary based on mutational analysis (Sections 4.12, 4.13 
and 4.14). The alignment was performed using the software ClustalW. The accession 
number of the RhPV genome is AF022937 and of the KV genome is AB070959. The 
score of the alignment was 45. In red are a 6-nt (TATTTT) and two 5-nt (TTTAT) 
motifs conserved between the two sequences.
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Cross-kingdom activity has been reported so far only for the RhPV 5’IRES 
(Woolaway et ah, 2001), and not in other IRES elements from viruses o f the 
Dicistroviridae family or the Iflavirus genus. The similarities between the KV IRES 
and the RhPV 5’ IRES became more evident when mutational analysis was performed 
on the KV 5’UTR. Deletion analysis revealed that up to 500 nt can be removed from 
the 5’ end o f the KV IRES without affecting activity. On the contrary, only 100 nt can 
be deleted from the 3’ end and IRES activity retained. These results show that the 3 ’ 
end sequences o f the KV 5’UTR play a greater role in translation initiation than the 5’ 
end sequences, similar to the observations with the RhPV 5’ IRES (Woolaway et al., 
2001; Terenin et al., 2005; Groppelli et al., 2007). KV and RhPV are not classified in 
the same genus or family because o f the lack o f conservation in their RNA-dependent 
RNA polymerase coding regions and because o f the different organisation o f the 
genome (Moon et al., 1998; Fujiyuki et al., 2004). However, their 5 ’ non-coding 
regions are similar in being extremely A/U rich, with little potential for secondary 
structure, and in sharing conserved motifs, although we have not yet investigated their 
importance in IRES activity. Therefore, for these two cross-kingdom A/U rich IRES 
elements, it might be that sequence conservation plays a more crucial role than in 
mammalian picomaviral IRES elements, in which conservation o f primary sequences 
is not as important as conservation of secondary structures. I f  this is the case, it would 
be possible, to a certain extent, to attempt the prediction of RhPV-like IRES elements 
by analysis of the primary sequences o f 5’UTRs. A first search would look for UTRs 
with high A/U content, little potential for secondary structure formation, and the 
presence o f 5-8 nt conserved motifs (Section 4.15). A simple alignment then with the 
RhPV IRES sequence could help to select the 5’UTRs with high homology to the 
RhPV 5’IRES. Additionally, an alignment with the minimal RhPV 5’IRES sequences
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could serve as criterion for the design o f deletion mutants o f the target UTR in an 
attempt to identify minimal regions with IRES activity. Experimental analysis 
(dicistronic system, RNA translation, Northern blot) would then be used to determine 
the presence o f an IRES, the systems that support its activity, and the minimal IRES 
sequence. The search for RhPV-like IRES elements could start from the 5’UTRs of 
other insect picoma-like viruses. However, it should not be restricted to these viruses. 
It has been shown that the 5’ UTRs o f  the dicistroviruses are not conserved and the 
IRES elements do not share common features, i.e. activity in the same systems 
(Wilson et al., 2000a; Woolaway et al., 2001; Czibener et al., 2006). Therefore, the 
fact that two viruses are classified in the same family does not necessarily mean that 
their IRES elements are conserved. In fact, IRES elements have been found to be 
closely related despite being from genomes o f viruses classified within distinct 
families. This is the case with the picomavirus type IV IRES elements that share 
similar primary sequences and mechanism o f action with the IRES from the flavivirus 
HCV (Pisarev et al., 2004; Chard et al., 2006). It has been suggested that a mixed 
infection (HCV and PTV-1) resulted in exchange o f genetic material between the 
5 ’UTRs o f the two viruses (Pisarev et al., 2004).
Additionally, the ability o f RhPV to survive in plants and the ability o f the RhPV and 
the KV IRES elements to function in a plant system should extend the search for 
RhPV-like IRES elements to plant virus mRNAs and plant cellular mRNAs. As in the 
case o f the type IV IRES elements, it is possible that RhPV has acquired the 5’IRES 
in the course of a mixed infection with a plant virus. Recently the RNA2 o f the 
bipartite genome of Blackcurrant reversion virus (BRV) has been shown to contain an 
IRES element. The IRES is 161 nt long, with low G/C content and little potential for 
strong secondary structure (Karetinikov and Lehto, 2007).
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The alignment between the RhPV and KV IRES showed conserved motifs o f 5-8 nt 
(UAUUU; AUUUAAUU; CUUUA, UAUUUU and UUUUA). We have not yet 
investigated the contribution o f these motifs to RhPV and KV IRES activity. It would 
be interesting to generate mutations within the conserved sequences. Because all these 
motifs appear to have a core o f UUU in an A/C-UUU-U/A context, mutations like 
UUU>GGG, A/C>G and U/A>G could be helpful to assess the importance o f these 
motifs for RhPV and KV IRES activity. They could be used both in translational 
assays and studies to identify IRES-binding proteins (Stassinopoulos and Belsham, 
2000; C hapter 5).
KV shares 97% genome identity with the Iflavirus Deformed Wing virus (DWV; 
Lanzi et al., 2006). Both viruses infect honeybees. However, although the degree o f 
sequence identity is very high, each virus displays specific symptoms and tissue 
tropism. As implied in the name, DWV symptoms include vestigial and crumpled 
wings and also bloated abdomens, paralysis and premature death (Kovac and 
Crailsheim, 1988). The viral RNA can be detected in a number o f organs (head, 
thorax, abdomen and wings) suggesting a systemic infection (Lanzi et al., 2006). On 
the other hand, the only main symptom o f KV infection is aggressiveness in worker 
honeybees. The viral RNA is found almost exclusively in a particular region o f the 
head, the mushroom bodies (Fujiyuki et al., 2004).
The high degree o f sequence identity between the two viruses could suggest that KV 
and DWV are actually different strains of the same virus. If  this is the case, it remains 
unclear how a 3% difference in genome sequence can lead to such a striking 
difference in symptoms and tissue tropism. A possible explanation could reside in the 
5’UTRs o f the two viruses. The DWV 5’UTR is 11 nt shorter than KV and contains
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other minor insertions/deletions scattered along the 5’UTR (Lanzi et al., 2006). It 
could be interesting to generate chimeric viruses o f the form KV 5’UTR-DWV coding 
sequence and vice versa, and monitor the symptoms and the tissue tropism o f these 
viruses. This type o f analysis has proven to be fruitful for the study o f the PV IRES 
element. A specific sequence in the PV IRES is required for neuropathogenicity, but 
is dispensable for viral growth in non-neuronal cells (Gromeier et al., 1996, 1999; 
Guest et al., 2004). Gromeier et al. (1996) generated picomavirus genomic hybrids 
that had the EMCV or HRV2 IRES elements upstream o f the PV coding region. The 
chimeric vimses did not show the neuropathogenicity typical o f the wt PV, but 
displayed wt replication levels. Introduction into the HRV2 IRES o f two domains o f 
the PV IRES (I and V) re-established neuropathogenicity. Later, neuropathogenicity 
was linked specifically to domain V o f the PV IRES and its interactions with PTB 
(Gromeier et al., 1999, Guest et al., 2004). While Gromeier et al. (1996 and 1999) 
analysed the vimses in cell culture in carcinoma-derived cells (HEp-2 and SK-N- 
MC), Guest et al. (2004) analysed PV neurovimlence in the spinal cord o f chicken 
embryos. This in vivo approach could be useful in the study o f the KV-DWV 
relationship. The tropism o f KV, DWV and their chimeric vimses could be studied in 
the segments of Drosophila embryos that differentiate into the nervous system 
(Hartenstein et al., 1985). Tissue tropism could also be studied in adult insects, where 
the typical KV-related aggressiveness could be observed. Vims/chimeric vims 
suspensions could be injected into the heads o f honeybees, as performed with KV 
(Fujiyuki et al., 2004, 2006). Additionally, a less invasive procedure could be an 
appealing alternative. In the case of the insect picoma-like vims APV, an artificial 
diet o f a lysate was prepared from APV infected adult aphids and fed to healthy
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aphids, which in turn became infected (van den Heuvel et al., 1997). The same 
feeding strategy could be tried with KV/DWV and their chimeric viruses.
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Chapter 5
IDENTIFICATION OF RhPV 5’ IRES-INTERACTING PROTEINS
5.1 Introduction
Picomavirus IRES elements were originally grouped into distinct classes on the basis 
o f their activity in the RRL. The cardio- and aphthovimses (e.g. EMCV, FMDV) 
function very efficiently in the RRL, while the entero- and rhinoviruses (e.g PV, 
HRV) function rather poorly in the same system (reviewed in Belsham and Jackson, 
2000). However, PV and HRV translation can be rescued by addition o f HeLa cell 
extracts to the RRL system (Brown and Ehrenfeld, 1979; Domer et al., 1984; Borman 
et al., 1993, 1995). In a similar way, the HAV IRES activity in the RRL is enhanced 
when liver cell extracts are added (Glass and Summers, 1993). This suggested not 
only that viral IRES-mediated translation is dependent on cellular proteins other than 
the canonical initiation factors, but also that the distribution of these proteins differs 
between cell/extract types and therefore might influence the cellular tropism o f the 
IRES and o f the vims.
To date, the cellular proteins identified to interact with picomavims IRES elements 
are La, polypyrimidine-tract-binding protein (PTB), poly(rC)-binding protein 2 
(PCBP2), upstream of N-ras (unr), nucleolin and IRES trans-acting factor 45 
(ITAF45), (reviewed in Belsham and Sonenberg, 2000). All the factors found to 
promote IRES activity contain multiple RNA-binding domains and are likely to 
interact with more than one part o f the IRES at once. They are believed to act as RNA 
chaperones which can shape and stabilise the IRES elements into their most active 
forms (reviewed in Belsham and Sonenberg, 2000). Therefore, to fully understand the
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cross-kingdom mechanism o f the RhPV IRES, investigation o f the potential 
interactions with cellular proteins is needed.
METHODS
In this study, the full length 5’ RhPV IRES (nt 1-579), one functional truncated 
version o f the RhPV IRES (nt 300-579) and a non-functional version (nt 1-329) were 
cloned upstream o f the Poly(A) coding region o f a modified pSP64Poly(A) vector 
(Promega). RNA was transcribed in vitro and bound to (dT)-coated magnetic beads 
(Dynal-Invitrogen). Mammalian, plant or insect cell extracts were then added and the 
RNA-bound proteins rescued in a resuspension buffer at different salt concentrations 
(Figure 5.1). Western Blot and Mass Spectrometric analysis were used to identify 
known and unknown RhPV IRES-binding proteins (Stassinopoulos and Belsham, 
2000).
5.1 Modification of the multiple cloning site of pSP64 Poly(A) vector
The vector pSP64 Poly(A) (Promega) contains a multiple cloning site between 
nucleotides 7 and 8 6 . This region was removed by restriction enzyme digestions with 
the enzymes Hindlll and Sacl. A linker sequence that contains the BamRl cloning site 
was then cloned into this site (Figure 5.2). This preliminary step was designed to 
facilitate the cloning procedure and was performed by Dr Elizabeth Royall, University 
o f Surrey.
5.2 Cloning of the inserts into the pSP64 Poly(A) vector
5.2.1 Preparation of the functional wt RhPV IRES and 5’A300 inserts
The plasmids pGEM-CAT/RhPV Al/LUC and pGEM-CAT/5’A300/LUC were
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I) Immobilisation 
of Poly(A)-IRES 
RNA on oligo(dT) 
beads
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AAAAAAAA IRES
II) Addition of
lysates (RRL, WGE 
or #21)
o TTTTTTTTTAAAAAAAA 'Q  oI R E S C 3
o
III) Removal of 
unbound proteins
IV) Protein elution
V) SDS-PAGE
TTTTTTTTT]
AAAAAAAA!
Tj
Figure 5.1 D iagram  of the RNA-protein binding assay. RNA transcripts of the form 
IRES-Poly(A) were immobilised onto magnetic oligo(dT) beads (Dynal-Invitrogen). 
RRL, WGE or #21 lysates were then added. After a washing step, the RNA-bound 
proteins were eluted in an elution buffer (Section 5.6) and analysed by SDS-PAGE.
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pSP64 Poly(A) with linker
SP6 AAAAAAATCGA TCGA
Poly(A) tail 
coding region
I) Ligation of a 
linker that contains 
the BamWl site
5 ’-AGCTCGAGGATCCAAGAGCT 
GCTCCTAGGTTC-5’
linker
II) Ligation of 
IRES insert at the 
BamWl in the 
modified vector
A
IRES
BamWl BamWl
Figure 5.2 pSP64 Poly(A) vector with linker. I) The pSP64 Poly(A) multiple 
cloning site was removed and replaced with a linker that contains the BamWl cloning 
site (bold). II) This allowed direct ligation of the inserts (wt RhPV IRES, 5’A300, 
3 ’A250), which were released from the pGEM-based vectors through digestion with 
BamWl. The inserts are ligated upstream of a region that contains 30 dA-dT, which 
encodes the poly(A) tail.
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digested in a 50 pi reaction with BamRl to release the IRES sequences (Section 2.4). 
The released inserts were gel purified (Section 2.11).
5.2.2 Preparation of the non-functional 3 ’A250 insert
The truncated version o f the RhPV 5’UTR that contained a deletion o f 250 nt at the 3 ’ 
end was obtained by PCR (Section 2.1) using the reverse primer 3 ’A250 R (5’- 
ATGGATCCTATAGTTATAAAGCTTTAAC) and the RhPV Al F (Table 3.1), both 
containing a BamRl cloning site, as described in Section 3.2.1. The fragment was 
then cloned into the pGEM-T Easy vector (Section 3.2.2). Restriction enzyme 
digestion with BamRl was performed to release the insert (Section 2.4). The insert 
was then run on an agarose gel (Section 2.3) and gel-extracted (Section 2.11).
5.2.3 Ligation into the pSP64 Poly(A) vector
The vector pSP64 Poly(A) was linearized with BamRl in a 50 pi reaction (Section 
2.4), dephosphorylated (Section 2.5) and purified by gel-extraction (Section 2.11).
The RhPV IRES inserts were ligated into the vector in a 20 pi reaction (Section 2.4). 
The competent strain o f E.coli JM109 was then transformed with the constructs.
5.3 Preparation of competent JM109 and transformation procedure
The strain JM109 o f E.coli was used for transformation. The bacteria from a glycerol 
stock were grown overnight in 25 ml LB broth. The following day, 50 pi o f the 
overnight culture were transferred into fresh LB broth (25 ml) and allowed to grow 
for 3 h, after which they were centrifuged and resuspended in 20 ml Calcium Chloride 
solution (Appendix 1). After 20 min o f incubation on ice, the culture was spun and 
resuspended in 1 ml Calcium Chloride. Competent JM109 (100 pi) were then
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incubated on ice for 10 min with 1 pi plasmid DNA or 3-7 pi ligation reaction. The 
mixture was heat-shocked at 37° C for 5 min and allowed to recover for 5 min. The 
bacteria were grown in 1 ml LB for 1 h at 37° C and then spread onto LB/agar plates 
containing ampicillin. The next day colonies were picked, grown overnight in 
LB/ampicillin (25 mg/ml) and small scale plasmid purification performed (Section 
2.9).
5.4 Presence and orientation of the inserts in the pSP64 Poly(A) vector
The constructs named Al-Poly(A), 5’A300-Poly(A) and 3’A250-Poly(A) were 
checked for the presence o f the inserts by restriction enzyme digestion (Section 2.4). 
The orientation of the inserts was checked by PCR using the SP6  F primer as forward 
primer (5’- ATTT AGGT G AC ACTAT AG AATAC A A). The RhPV Al R was used as 
reverse primer for the Al-Poly(A), 5 ’A300-Poly(A) constructs; while the 3 ’A250 R 
primer was used for the 3 ’A250-Poly(A) constructs. The SP6  F primer was also used 
for sequencing the constructs (Section 2.12). The constructs were then amplified on a 
large scale (Section 2.12).
5.5 Preparation of RNA transcripts
The constructs were linearised with iscoRI (Promega; Section 2.4) and 
phenol/chloroform extracted and ethanol precipitated. The linearised plasmids were 
transcribed in vitro using the SP6  MegaScript kit (Ambion), according to the 
manufacturer’s instructions. RNA transcripts were phenol/chloroform extracted and 
isopropanol precipitated, and resuspended in 20 pi Nuclease-free water. The integrity 
o f the RNA was checked on an agarose gel (Section 2.3) and the concentration 
measured with a Nanodrop spectrophotometer.
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5.6 RNA-protein binding assay
Dynabeads 01igo(dT)25 (500 pi; Dynal-Invitrogen) were placed on a magnetic stand 
and left for 30 sec to equilibrate. The supernatant was removed and the beads were 
resuspended and washed with 500 pi 0.5x SCC (Appendix I). The beads were placed 
on the magnetic stand and the supernatant was removed. They were washed with 500 
pi lx  Bead Binding Buffer (BBB; Appendix I), placed on the magnetic stand, the 
supernatant was removed and the pellets were resuspended in 500 pi lx  BBB. 
Poly(A)-tailed transcripts (5 pg) containing the full length RhPV IRES, the functional 
5’A300 mutant, the non-fimctional 3’A250 mutant, or 5 pg Poly(A) control (Sigma) 
were added and the samples were left to mix on a rotor at 4°C for 30 min. The beads 
were washed twice in 500 pi lx  BBB as before. Cell extracts of mammalian (RRL, 50 
pi, Promega), plant (WGE, 50 pi, Promega) or insect (A/21 lysate, 100 pi, Qiagen) 
origin were added along with 5 pg tRNA as competitor (Sigma) and incubated with 
the immobilised RNA transcripts for 60 min at 4°C as before. After the incubation, 
the supernatant was removed and the beads were washed twice with 500 pi lx  BBB 
as before. The RNA-bound proteins were eluted in 20 pi sterile water, 1 pi DTT (New 
England Biolabs), 10 pi SDS sample buffer (New England Biolabs). Alternatively, 
the proteins were eluted in 20 pi lx  BBB with increasing concentrations o f NaCl 
(150, 250, 350 and 600 mM) and a final elution was made in 30 pi of DTT, SDS and 
water, as described above. All samples were analysed by 10 % SDS-PAGE and silver 
staining or Western Blot (Sections 2.16 and 2.17). In the case o f silver staining, bands 
o f interests were excised with a sterile scalpel and stored in 1 % Acetic Acid at +4°C.
152
5.7 Western Blot analysis
Proteins separated by SDS-PAGE were analysed by Western Blot as described in 
Section 2.17. Antibodies against mammalian eIF3, eIF4E, eIF4A and eIF4G were a 
kind gift from Dr Simon Morley, University o f Sussex.
5.8 In-gel trypsin digest of excised bands
In-gel trypsin digests o f the excised bands was performed by Dr Jane Newcombe, 
University o f Surrey. Briefly, the gel slices were washed three times in 25 mM 
NH 4HCO3 in 50% ACN (Appendix 1) and then dried with a Speed Vac centrifuge. 
Enough 10 mM DTT in 25 mM NH4HCO3 was added to cover the dried slices and 
incubated at 56°C for 1 h. The supernatant was replaced with 25 pi 55mM 
iodoacetamide and the reactions were incubated for 45 min at RT. The gel slices were 
then washed in 25 mM NH4HCO3 in 50% ACN and dried with a Speed Vac. Trypsin 
was added to the gel slices and reactions were incubated at 37°C for 4 hours. The 
digest solution was transferred into a siliconised tube. The gel pieces were sonicated 
in 50% ACN/5% formic acid. The extracted digests were then analysed by Mass 
Spectrometry.
5.9 Mass Spectrometric analysis
Mass Spectrometric analysis was performed by Dr Jane Newcombe, University o f 
Surrey, using a QSTAR® XL Hybrid LC/MS/MS System (Applied Biosystems). 
Briefly, 5 pi trypsin digested proteins were separated by liquid chromatography (LC) 
on a 2-50% acetonitrile gradient on a C l8  75 pm column (PepMap, Dionex). As the 
peptides were eluted form the LC, they were sprayed into the first Mass Spectrometer 
(MS) via Nano-Electrospray inonization. The two most abundant peptides within a
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survey scan were redirected to a Collision Energy cell to be broken down into 
aminoacids, which in turn were analysed by a second MS.
5.10 Mass spectrometric data analysis
The mass spectrometric data were analysed using the Mascot search engine for 
protein identification (Perkins et al., 1999).
5.10.1 Mascot search fields
i) Database. NCBInr was selected as the sequence database to be searched.
ii) Taxonomy. The taxonomy parameters were set to limit the search to particular 
groups o f species, according to the origin o f the lysate. The search for proteins from 
the RRL system was limited to mammalian species; those from the WGE system were 
limited to green plant species and from the S fll  system to Drosophila melanogaster.
iii) Enzyme. Trypsin was selected as the reagent used for protein digestion (Section 
5.7).
iv) Modifications. Carbamidomethyl was selected as fixed modification. Oxidation, 
Phospho (Serine or Threonine) and Phospho (Serine and Threonine) were selected as 
variable modifications.
v) Protein mass. No restriction on protein mass was set.
vi) Peptide tolerance. The error window for fragment mass values was set at 50 parts 
per million (ppm).
vii) Peptide charge. 2+ and 3+ were chosen as peptide charge states as recommended 
for the identification o f unknown proteins (Perkins et al., 1999).
viii) Missed cleavage. To allow for partial trypsin digest, one missed cleavage was 
considered in the search.
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ix) Instrument. MS data were generated by an ESI QuadTOF instrument (Section 
5.9).
5.10.2 Result interpretation
/) Score. The score for an MS/MS match (peptide and protein) is based on the 
absolute probability (P) that the observed match is a random event. It is reported as - 
lOLogio(P). A significant match is typically o f the order o f 70. This is derived from a 
search in which 1.5 x 105 peptides are found within the mass tolerance window, and 
the significance threshold is 0.005. Poor quality o f MS/MS spectra (i.e. low 
signal/noise ratio) might result in a low score (< 70). This does not mean that the 
homology with the matched protein is not significant.
ii) Significant hits. Identified proteins are listed according to their score. Proteins 
scores are the sum of the individual peptides scores (see above).
iii) Query match (QM). QM corresponds to the number o f peptides sequenced by MS 
that are found in the matched protein (e.g. if  two peptides match within a protein, the 
QM is 2).
iv) Sequence coverage (SC). The number and the length o f the peptide match (QM) 
and the total aa sequence o f the matched protein are used to calculate the SC. SC is 
the number o f amino acids in the peptide sequence generated by MS that are present 
in the matched protein, expressed as a percentage (e.g. if  two peptides of 6  and 9 aa 
match a protein of 100 aa, the SC is 15%).
RESULTS
5.11 RhPV IRES interaction with RRL proteins
The RRL proteins bound to the full length RhPV 5’ IRES [construct Al-Poly(A)] and
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to the functional 5 ’A300 deleted version [construct 5’A300-Poly (A)] were analysed by 
SDS-PAGE and Western Blot (Figure 5.3). A Poly(A) oligonucleotide was used in 
the binding experiments as a negative control to detect non-specific binding proteins. 
The initiation factors eIF3, eIF4A and eIF4G were detected for both functional IRES 
constructs. The signal was much more intense than that o f the negative control 
Poly(A), suggesting that these proteins bind specifically to the functional IRES 
sequence (Figure 5.3). The cap-binding factor eIF4E was not detected in any o f the 
samples (data not shown).
5.12 Interactions of the truncated versions of the RhPV IRES with RRL proteins
The results reported above (Section 5.11) suggested that our system was effective in 
isolating proteins that specifically bind to the RhPV IRES. However, although the 
negative control Poly(A) was useful to establish the extent o f non-specific binding, a 
non-functional RhPV IRES version also seemed a good candidate as an additional 
negative control. This construct would allow us to potentially identify proteins that 
bind only to a functional IRES and that may play a specific role in internal initiation. 
Therefore, we prepared the 3 ’A250-Poly(A) construct that contains nt 1-329 o f the 
RhPV 5’UTR, which does not function as an IRES (Chapter 3; Woolaway et al., 
2001; Groppelli et al., 2007). The proteins bound to the functional construct [5’A300- 
Poly(A)], to the non-functional construct [3’A250-Poly(A)] and to the Poly(A) 
negative control were eluted in five steps. In the first four the elution buffer contained 
increasing concentrations of NaCl; while in the last step it contained SDS and DTT. 
The proteins were analysed by SDS-PAGE and silver staining (Figure 5.4). Proteins
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Figure 5.3 W estern Blot analysis of RRL proteins binding to the RhPV  IRES.
RNA transcribed from the RhPV Al-Poly(A) was immobilised to magnetic beads 
(Section 5.6). RRL was added and the proteins bound to the IRES RNAs were rescued 
in an elution buffer containing SDS and DTT (Section 5.6). A Poly(A) was used as 
negative control to establish background binding. The rescued proteins were analysed 
by SDS-PAGE and Western Blot to detect eIF4A, eIF4G and eIF3 (13 subunits; p28, 
p47, p48, p66, pi 10 and pi 16 are indicated in the figure; reviewed in Belsham and 
Jackson, 2000).
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Figure 5.4 Analysis of RRL proteins binding to the RhPV  IRES constructs. RNA
transcribed from the 5’A300-Poly(A) and 3 ’A250-Poly(A) were immobilised to 
magnetic beads (Section 5.6). RRL was added and the proteins bound to the IRES 
RNAs were rescued in an elution buffer containing increasing concentrations of NaCl 
(150 to 600 mM). A final elution was made with SDS and DTT (Section 5.6). A 
Poly(A) was used as a negative control to establish background binding. The rescued 
proteins were analysed by SDS-PAGE and silver staining. The gel lanes are labelled 
according to the concentration of NaCl in the elution buffer (150 to 600 mM) and the 
final elution has been labelled “SDS”. The protein bands that appeared solely or with 
higher intensity in the 5’A300-Poly(A) were excised and are indicated in the gel. The 
bands were labelled according to their apparent molecular weight.
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Identity Hit Score QM SC
80 100 KDa coactivator 1 568 13 14
52 PABP1 (70 kDa) 1 691 19 22
50 Arachidonate 12-LOX (76 kDa) 1 814 36 31
Arachidonate 15-LOXRRL 
specific (75 kDa) 2 806 37 31
Replication protein A (70 kDa) 4 313 8 11
30 Arachidonate 15-LOXRRL specific (75 kDa) 3 237 7 10
40S ribosomal protein S9 (22 kDa) 16 55 2 11
20 GAPDH (35 kDa) 1 429 17 30
16 Ribosomal protein S7 (21 kDa) 17 64 1 4
40 Ribosomal protein S5 (23 kDa) 18 41 1 4
Table 5.1 Mammalian proteins with homology to the RRL proteins bound to the 
5’A300-Poly (A) construct. Six bands excised from SDS-PAGE were analysed by 
Mass Spectrometry and the resulting spectra were analysed with Mascot search 
engine, as detailed in Sections 5.10.1 and 5.10.2. MW is the molecular weight o f the 
proteins as apparent on SDS-PAGE. QM (query match) is the number o f sequenced 
peptides that are found in the matched protein. SC (sequence coverage) is the number 
o f aa in the QM peptides that are present in the matched protein, expressed as a 
percentage. Score is based on the probability that the observed match is a random 
event. Matches with a score > 70 are considered significant, provided that the quality 
o f the sample is high. Matched proteins (Hits) are ranked according to their scores.
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that appeared solely in the 5’A300-Poly(A) lanes were excised and labelled according 
to the apparent molecular weight (MW). A total o f six bands were analysed by Mass 
Spectrometry and Mascot search engine. The most significant protein hits, excluding 
contaminants (i.e. keratin, Appendix II), are reported in Table 5.1. The band o f an 
apparent MW o f 80 kDa contained peptides that matched with high homology to the 
100 kDa coactivator. Additionally, a single peptide matched to the p i 10 subunit o f 
eIF3. The 52 kDa band contained peptides that matched with high homology to 
PABP. The 50 kDa band contained peptides that matched to three significant proteins, 
arachidonate 12-lipoxygenase, arachidonate 15-lipoxygenase (RRL specific) and 
replication protein A. The 30 kDa band was found to contain a mixture o f peptides 
that matched to arachidonate 15-lipoxygenase (RRL specific) and ribosomal protein 
S9. The 20 kDa band contained peptides that matched to GAPDH. The 16 kDa- 
derived peptides matched to the ribosomal proteins L I7 and S5.
5.13 Interactions of the truncated versions of the RhPV IRES with WGE 
proteins
The WGE proteins bound to the RNAs 5’A300-Poly(A), 3 ’A250-Poly(A) and Poly(A) 
negative control were analysed by SDS-PAGE and silver staining (Figure 5.5). Using 
the same criteria as for RRL-derived proteins (Section 5.12), a total o f seven bands 
were excised and analysed by Mass Spectrometry. The most significant protein hits 
(Appendix II) are reported in Table 5.2. The gel band o f an apparent MW o f 80 kDa 
contained peptides that matched with low homology to different proteins, including an 
unknown rice protein (putative retrotransposon protein), an unknown dsRNA binding 
protein and a protein involved in disease response. The variety of matched proteins, 
the low scores, query matches and sequence coverages suggest that these identities
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Figure 5.5 Analysis of W GE proteins binding to the RhPV  IRES constructs.
RNA transcribed from the 5’A300-Poly(A) and 5’A250-Poly(A) were immobilised to 
magnetic beads (Section 5.6). WGE was added and the proteins bound to the IRES 
RNAs were rescued in an elution buffer containing increasing concentrations of NaCl. 
A final elution was made with SDS and DTT (Section 5.6). A Poly(A) was used as a 
negative control to establish background binding. The rescued proteins were analysed 
by SDS-PAGE and silver staining. The gel lanes are labelled according to the 
concentration of NaCl in the elution buffer (150 to 600 mM) and the final elution has 
been labelled “SDS”. The protein bands that appeared solely or with higher intensity 
in the 5 ’A300-Poly(A) were excised and are indicated on the gel. The bands were 
labelled according to their apparent molecular weight.
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M W Identity H it Score Q M SC
80 Unknown protein (48 kDa) 1 85 2 3
Disease response (207 kda) 2 57 1 -
dsRNA binding protein (43 kDa) 3 57 1 1
RNA helicase (245 kDa) 6 43 1 -
46 Hypotetical RNA binding protein 
(45 kDa) 1 129 6 7
eEFl alpha (49 kDa) 4 86 3 5
34 eEFl alpha (49 kDa) 1 359 20 17
eIF4A (46 kDa) 7 163 5 13
RRM protein (43 kDa) 9 156 4 9
32.5
Unknown protein (44 kDa) 1 134 6 9
L3 ribosomal protein (25 kDa) 2 100 4 14
31 Signal too weak - - - -
26 Peroxidase BP1 homolog (39 kDa) 1 64 1 4
Glucose ribitol DH homolog (31 
kDa) 2 92 2 8
L acidic ribosomal protein (34 
kDa) 9 54 1 3
25 Glucose ribitol DH (31 kDa) 1 227 5 17
Table 5.2 P lan t proteins with homology to the W GE proteins bound to the 
5’A300-Poly(A) construct. Seven bands excised from SDS-PAGE were analysed by 
Mass Spectrometry and the resulting spectra were analysed with Mascot search 
engine, as detailed in Sections 5.10.1 and 5.10.2. MW is the molecular weight of the 
proteins as apparent on SDS-PAGE. QM (query match) is the number of sequenced 
peptides that are found in the matched protein. SC (sequence coverage) is the number 
of aa in the QM peptides that are present in the matched protein, expressed as a 
percentage. Score is based on the probability that the observed match is a random 
event. Matches with a score > 70 are considered significant, provided that the quality 
o f the sample is high. Matched proteins (Hits) are ranked according to their scores.
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might not be significant. The 46 kDa gel band contained peptides that matched with 
high homology to two proteins, a hypothetical RNA-binding protein and eEFl a . The 
34 kDa band contained peptides that matched again to eEFl a , suggesting a possible 
contamination with the band above, to eIF4A and an unknown protein with a RNA 
recognition motif. The 32.5 kDa gel band was found to contain a mixture o f peptides 
that matched to an unknown protein and to the ribosomal protein L9. The spectra 
from the 31 kDa gel band did not contain any peptides, suggesting that the protein(s) 
were lost in a previous step (i.e. band excision, trypsin digest). The close gel bands o f 
26 and 25 kDa matched to a mixture of proteins including a peroxidase, glucose 
ribitol dehydrogenase and a protein from the large ribosomal subunit. As in the case 
o f the 80 kDa protein band, the variety o f the matched proteins, the low values o f 
score, query matched and sequence coverage suggest that the results might not be 
significant. In the case o f glucose ribitol dehydrogenase it is possible that the close 
location o f the 25 and 26 kDa bands resulted in contamination. In fact, the 25 kDa 
band contained peptides that matched to glucose ribitol dehydrogenase with high 
score, sequence coverage and query match.
5.14 Interactions of the truncated  versions of the R hPV  IRES with S f l l  lysate 
proteins
The S fl\ proteins rescued from the constructs 5’A300-Poly(A), 3 ’A250-Poly(A) and 
Poly(A) negative control were analysed by SDS-PAGE and silver staining (F igure 
5.6). Using the same criteria as for RRL-derived proteins (Section 5.12), two bands 
were excised and analysed by Mass Spectrometry. The most significant protein hits 
(Appendix II) are reported in Table 5.3. The gel band o f an apparent MW of 26 kDa 
contained peptides that matched to eEFl a , consistent with the observations from the
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Figure 5.6 Analysis of S f l \  lysate proteins binding to the RhPV IRES constructs.
RNA transcribed from the 5’A300-Poly(A) and 5’A250-Poly(A) were immobilised to 
magnetic beads (Section 5.6). S/21 lysate was added and the proteins bound to the 
IRES RNAs were rescued in an elution buffer containing increasing concentrations of 
NaCl. A final elution was made with SDS and DTT (Section 5.6). A Poly(A) was 
used as a negative control to establish background binding. The rescued proteins were 
analysed by SDS-PAGE and silver staining. The gel lanes are labelled according to 
the concentration of NaCl in the elution buffer (150 to 600 mM) and the final elution 
has been labelled “SDS”. The protein bands that appeared solely or with higher 
intensity in the 5’A300-Poly(A) were excised and are indicated on the gel. The bands 
were labelled according to their apparent molecular weight.
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MW Identity
26 eEFl alpha (5 kDa)
16 Signal too weak
Hit Score QM_______ SC
1 90 2 4
Table 5.3 Insect proteins with homology to the S f l l  lysate proteins bound to the 
5’A300-Poly(A) construct. Two bands excised from SDS-PAGE were analysed by 
Mass Spectrometry and the resulting spectra were analysed with Mascot search 
engine, as detailed in Sections 5.10.1 and 5.10.2. MW is the molecular weight o f the 
proteins as apparent on SDS-PAGE. QM (query match) is the number of sequenced 
peptides that are found in the matched protein. SC (sequence coverage) is the number 
o f aa in the QM peptides that are present in the matched protein, expressed as a 
percentage. Score is based on the probability that the observed match is a random 
event. Matches with a score > 70 are considered significant, provided that the quality 
o f the sample is high. Matched proteins (Hits) are ranked according to their scores.
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WGE lysates. The 16 kDa gel band did not contain any peptides, suggesting that the 
protein(s) have been lost in a previous step (i.e. band excision, trypsin digest).
5.15 DISCUSSION
In the past six years much work has been carried out on the RhPV 5’IRES to establish 
the systems in which it is functional, its minimal functional sequences and initiation 
factor requirements in the RRL system (Woolaway et al., 2001; Royall et al., 2004; 
Terenin et al., 2005; Groppelli et al., 2007; C hap ter 3). Terenin et al. (2005) provided 
us with knowledge o f the secondary structures and o f the minimal elF requirements o f 
the RhPV IRES in the RRL. Because this study was performed in the RRL, our 
objective was to assess if  these observations could be extrapolated to the plant and 
insect systems.
Additionally, Terenin et al. (2005) investigated the elF requirements by analysing the 
efficiency o f formation o f the 48S complex from its purified components. In this 
complementary study, we started from an undefined mixture of proteins (i.e. cell 
lysates) and attempted to identify the proteins that bind to the RhPV IRES or its 
truncated versions. This approach has the advantage o f not requiring the complex 
steps of elF purification. Additionally, our approach has the potential o f identifying 
novel host cell proteins that might function as ITAFs. However, the identification o f 
RhPV IRES-binding proteins does not necessarily suggest a functional role o f those 
proteins in RhPV IRES-mediated translation. Even in the case o f high affinity 
binding, there is the risk o f isolating proteins with a role in other mechanisms, like 
replication. Therefore, our experiments are just the preliminary step o f a longer 
process, which also involves assessing the functional roles o f the identified proteins in 
RhPV 5’IRES-mediated translation.
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Initially, we evaluated our method by isolating proteins from the RRL that bind to the 
full length RhPV 5’IRES (Al, nt 1-579) and the functional 3 ’ end o f the IRES 
(5’A300, nt 301-579). In this way we wanted to assess if  our method was able to 
detect RRL proteins (i.e. e lF l, 2, 3, 4F) that are known to be involved in the 
formation o f a 48S complex on the RhPV IRES (Terenin et al., 2005). The use o f the 
Poly(A) control allowed us to rule out non-specific binding. In this first round of 
experiments the identification o f the eluted proteins was attempted by Western Blot 
analysis with antibodies against eIF3, eIF4A and eIF4G. The elFs were found to bind 
to the full length IRES and also to its shorter functional region with no apparent 
difference. This suggests that the functional 3 ’ end o f the RhPV IRES is able to direct 
internal initiation because o f its ability to recruit at least three o f the elFs involved in 
48S complex formation. Interestingly, the cap-binding factor eIF4E that was shown to 
be dispensable for formation o f the 48S complex on the RhPV 5’IRES was not 
detected in any of the samples (Terenin et al., 2005).
These preliminary and encouraging results prompted us to isolate proteins that bind to 
the non-functional 5’ region o f the RhPV IRES (3’A250, nt 1-329) and compare them 
with those bound to the functional 3 ’ region (5’A300). Comparing the proteins bound 
to the two RNAs represented an attempt to identify proteins with a potential role 
specifically in the RhPV 5’ IRES-mediated translation mechanism.
In this round o f experiments the identification o f the eluted proteins was attempted by 
Mass Spectrometric analysis. This method has many advantages compared to Western 
Blot analysis. The identification of the proteins is not based on the pre-existing 
knowledge of the identity o f a protein, but it is revealed by direct peptide sequencing. 
Additionally, peptide sequencing can resolve a protein mixture into its components. 
This is particularly useful in our experiment because we separated the rescued
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proteins only in one dimension (i.e. molecular weight); therefore the presence o f more 
than one protein in a single gel band is likely. Our binding studies and Mass 
Spectrometric analysis also have the potential o f identifying a novel protein or in 
defining an additional role o f a known protein. Studies on the picomavirus IRES 
elements have shown that cellular proteins can also function as ITAFs, such as PTB 
and La (Pestova et al., 1991; Meerovitch et al., 1993). Additionally, our experiments 
considered proteins not only o f mammalian origin, but also of plant and insect 
systems. Therefore, the availability o f the protein sequences can be used to establish if  
proteins eluted from different systems are homologous. In addition, since many 
proteins o f plant and insect origin are only putative or unknown, our project has the 
potential o f shedding light onto their potential role as ITAFs and also their function in 
physiological conditions.
The elution conditions were also modified during our studies. Instead o f a single 
elution in SDS and DTT to recover all the bound proteins, we subsequently opted for 
a method that allowed elution with increasing NaCl concentrations. Low salt 
concentration would induce the release o f proteins that are only weakly bound to the 
IRES RNA. On the contrary, high salt concentration results in disruption o f stronger 
interactions. A final elution with SDS and DTT was maintained to pull down the rest 
o f the bound proteins. Resolving the protein mixture bound to one construct into six 
eluates also allowed a better gel separation. This in turn resulted in the opportunity o f 
identifying proteins binding to the functional IRES sequences, but not to the non­
functional sequences.
Our experiments represent a preliminary attempt to establish a method that would 
allow the rapid identification o f IRES-interacting proteins. We concentrated our 
analysis on those proteins that appeared to bind specifically to the functional
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sequences o f the RhPV IRES. However, the choice o f the gel bands to excise was 
based on naked eye observation, which is prone to error. In the future, a different 
approach could be attempted. Entire gel lanes o f proteins rescued from the functional 
IRES and the negative controls (i.e. non-fimctional IRES, Poly(A)) could be subjected 
to Mass Spectrometric analysis. The spectra derived from the negative controls would 
be used as a blank. Therefore, the selection o f functional IRES-binding proteins 
would be performed objectively. In addition, the identity o f the proteins obtained by 
Mass Spectrometry could be confirmed by Western Blot analysis.
In this context, the proteins that we identified represent only a preliminary step that 
has to be reproduced and confirmed by other methods (i.e. Western Blot analysis, 
functional analysis). However, some of the identified proteins indicate an encouraging 
preliminary result.
The identified RRL proteins can be divided into three arbitrary groups: I) proteins 
known to be involved in translation (S5, S7, S9, PABP1); II) cytoplasmic enzymes 
(arachidonate lipoxygenase; GAPDH); III) others (replication protein A; 100 kDa 
coactivator).
I) PABP1 plays a role in canonical initiation o f translation by binding to the poly(A) 
tail o f mRNAs. Additionally, PABP1 binds to the eIF4G subunit of the eIF4F 
complex, which bridges together the 40S subunit and the mRNA. This interaction 
results in circularization o f the mRNA and facilitation o f the translation process 
(reviewed in Kean, 2003). In IRES-mediated translation, the presence o f a poly(A) 
tail and PABP1 has been shown to stimulate translation mediated by three 
picomavirus IRES elements (type I, II and III; Bergamini et al., 2000; Michel et al., 
2001). This stimulation is thought to be mediated by the formation o f a complex o f
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the form IRES-eIF4G-PABPl-poly(A) tail, which, as in the case o f canonical 
translation, results in circularisation of the mRNA. The detection o f PABP1 binding 
to the functional region of the RhPV 5’ IRES is not totally surprising. The 3’ end of 
the RhPV IRES is extremely A/U rich, with stretches o f 3-4 As, and is single 
stranded. Although the normal target of PABP1 is represented by a long stretch o f As 
(i.e. mRNA poly(A) tails), PABP1 has been shown to bind to both As-only and mixed 
sequences. O f the four RNA-binding domains o f PABP1, two have high affinity for 
sequences containing only As (Khanam et al., 2006). The other two domains have 
affinity for A-rich sequences interspersed with other nucleotides (Khanam et al., 
2006). It is possible that these two domains are responsible for a direct interaction 
with the A/U-rich RhPV IRES.
A method to assess the potential role of PABP1 in RhPV IRES-mediated translation 
could utilise the enterovirus 3C protease (Kuyumcu-Martinez et al., 2004). This 
protease cleaves PABP1 and therefore decreases translation initiation, because it 
prevents the formation o f the complex mRNA(IRES)-eIF4G-PABPl-poly(A). In 3C 
treated lysates or co-transfected cells, a reduction in RhPV IRES-mediated translation 
would support the idea that PABP1 indeed has a functional role. However, we also 
detected eIF4G in our first round of binding experiments. This raises some interesting 
questions: z) do eIF4G and/or PABP bind directly to the RhPV IRES? z'z) Is eIF4G 
necessary for PABP binding or vice versa? At this stage two scenarios are possible: a 
picomavirus-type complex, in which the IRES directly interacts with eIF4G in a 
complex o f the form IRES-eIF4G-PABPl-Poly(A) tail; or a novel complex o f the 
form IRES-PABPl-eIF4G. The single stranded nature of the RhPV IRES appears to 
be very different from the J-K domains o f the type II picomavirus that directly 
interact with eIF4G (Saleh et al., 2001). However, a different eIF4G domain could be
170
involved in RhPV IRES binding. A method to establish “what binds what” and in 
which order would be to study the ability o f the two proteins (i.e. eIF4G and PABP) 
to bind the IRES individually and in combination. Purified PABP/eIF4G could be 
added to RhPV IRES RNA immobilised onto magnetic beads. If  the protein is eluted, 
a direct interaction is plausible. Otherwise, addition o f one first and then the other 
would establish the binding order.
Terenin et al. (2005) described a 48S complex formation pathway on the RhPV IRES 
that involves elF l, 2, 3, 4F. Therefore, some questions arise: i) does the mechanism of 
formation of the initiation complex on the RhPV IRES require only the canonical 
elFs? Are other factors (i.e. PABP1) involved? Is the RhPV IRES-PABPl-eIF4G- 
eIF3 complex an alternative or an additional pathway to an elFs-only mechanism? To 
assess the contribution o f the PABP-mediated hypothetical pathway, the experiments 
performed by Terenin et al. (2005) could be repeated in the presence o f PABP1. 
Additionally, the role o f PABPl-eIF4G could be analysed by inhibition o f the 
interactions between these two factors. One approach would target the ability o f 
eIF4G to bind PABP1. This is represented by the rotavirus non-structural protein 3 
(nsp3). Nsp3 prevents eIF4G from binding to PABP1 (Piron et al., 1998). Another 
approach is represented by the PABP-interacting protein 2 (Paip2; Khaleghpour et al., 
2001). Paip2 binds to PABP1 and prevents it from interacting with eIF4G. Paip2 
would have the advantage o f not directly interacting with a factor that has been shown 
to enhance RhPV 5’IRES-mediated translation (Terenin et al., 2005; Karim et al., 
2006). Both nsp3 and Paip2 would selectively inhibit the PABP-mediated pathway. In 
translational assays, nsp3 and Paip2 could be used to assess the contribution o f the 
PABP-mediated mechanism to overall RhPV IRES-mediated translation. In binding
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studies, nsp3 and Paip2 could be added with the other purified components, as 
described in Terenin et al. (2005) to monitor the formation o f 48S complex.
In our experiments, PABP1 appeared to bind selectively to the functional RhPV 
IRES. The fact that the negative control Poly(A) did not appear to bind PABP1 would 
rule out the possibility o f PABP1 binding non-specifically to Poly(A) sequences. 
Western Blot analysis with antisera against PABP1 could be used to confirm the 
presence o f PABP1 among the proteins bound to the functional RhPV IRES 
sequences.
The small ribosomal proteins S5, S7, S9 were also identified among the proteins 
eluted from the functional RhPV 5’IRES RNA. At this stage it is not possible to 
establish if  their presence is due to direct interaction with the RhPV IRES or because 
the ribosome is bound to RhPV IRES-interacting proteins. However, Terenin et al. 
(2005) showed that the RhPV 5’IRES forms a complex with the 40S subunit only if  
eIF3 is present. Therefore, it appears that an indirect interaction is likely also in our 
system. However, the presence o f proteins from the small ribosomal subunit is 
encouraging because it suggests that the 3’ end o f the RhPV IRES, probably aided by 
eIF3, is able to recruit the 40S ribosomal subunit.
II) The cytoplasmic enzymes GAPDH and arachidonate lipoxigenases were eluted 
from the functional RhPV IRES RNA. GAPDH is mainly involved in carbohydrate 
metabolism, but has also been shown to bind to RNA, specifically to A/U rich regions 
(reviewed in Sirover, 1997). In a study of the interactions between GAPDH and 
tRNA, the RNA binding domain o f GAPDH was found to include the GAPDH 
binding site for its cofactor NAD+ (Singh and Green, 1993). This site, called the 
Rossmann fold, is conserved among dehydrogenases (Rossmann et al., 1976). 
Interestingly, other proteins with enzymatic activity (i.e. aconitase activity o f the iron-
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responsive element binding protein) and regulatory activity o f glucose pathway (i.e. 
the yeast SRN1) have been shown to bind to RNA (Kaptain et al., 1991; Tung et al, 
1992). Therefore, the intriguing suggestions of a link between energy metabolism and 
RNA biogenesis has been made (Singh and Green, 1993). HAV IRES-mediated 
translation is inhibited by GAPDH, because o f the ability o f GAPDH to destabilise 
dsRNA (Karpel and Burchard, 1981). Upon GAPDH binding, the secondary 
structures that are the core of the HAV IRES are thought to be disrupted and with 
them also the IRES activity (Schultz et al., 1996b). The RhPV IRES should not be 
affected by the presence of GAPDH given its apparent lack o f significant secondary 
structures. Also, if  the functional core o f the RhPV IRES is single stranded, it could 
be possible that GAPDH has a stimulatory role in maintaining the functional 
conformation of the IRES. However, as in the case o f all the proteins identified in our 
preliminary study, the contribution o f GAPDH to RhPV IRES-mediated translation 
would need to be established. An approach used to answer this type o f question is the 
over-expression o f the target protein. However, GAPDH is present in high 
concentrations in all cell types, making it difficult to assess the extent o f the over­
expression (Yi et al., 2000). Yi et al. (2000) overcame this problem by cloning 
GAPDH as the first cistron o f a dicistronic vector used to study the HAV IRES. This 
resulted in a localised increase o f GAPDH concentration in the microenvironment that 
contained the IRES and allowed them to evaluate the effect o f GAPDH on the HAV 
IRES. A similar approach could be used with the RhPV IRES.
The arachidonate 15/12-lipoxigenases are the prototypes o f one o f the four sub­
families of mammalian lipoxygenases (LOXs; reviewed in Kuhn and O ’Donnel,
2006). LOXs are enzymes that degrade lipids. Fatty acids and their derivatives, like 
phospholipids, are their substrates. 15-LOX has been shown to be responsible for the
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disruption o f internal membranes during reticulocyte maturation (Rapoport and 
Schewe, 1986). The mRNA level o f 15-LOX in reticulocytes is extremely abundant, 
being second only to that o f globin. During red blood cell maturation 15-LOX mRNA 
is kept silenced by hnRNP K and E l, which bind to its 3 ’UTR. This inhibition is 
relieved only at the later stages of the maturation process, when mitochondrial and 
nuclear membranes are broken down (Ostareck-Lederer et al., 1994; Ostareck et al., 
1997). No RNA binding activity has been reported for 15-LOX and a direct 
interaction with the RhPV IRES seems unlikely. Additionally, the high concentration 
o f 15-LOX in reticulocytes could be responsible for 15-LOX presence in the pool o f 
the proteins eluted from the RhPV IRES RNA.
Ill) 100 kDa coactivator has been linked to a variety o f cellular events, but its 
physiological role is not yet clear. The mRNA o f p i 00 has been shown to be abundant 
in different cell types, including heart, muscle, kidney and lung. However, p i 00 is 
localised mainly in the mammary glands and in the pancreas (Broadhurst et al., 2005). 
In particular in the pancreas, p i 00 is detected in the nucleus, while in other glands it is 
detected in the cytoplasm. The nuclear localisation and the endo/exocrine activity 
suggested a transcriptional function o f p i 00. This is also supported by the first 
description o f p i 00 as a protein interacting with the Epstein-Barr virus-encoded 
transcription factor, hence the name 100 kDa coactivator (Tong et al., 1995; 
Broadhurst et al., 2005). The cytoplasmic localisation has suggested that p i 00 has the 
ability to shuttle to the nucleus when its transcriptional role is required. However, no 
such redistribution was observed (Broadhurst et al., 2005). Interestingly, p i 00 
posseses five Staphylococcal nuclease domains and a tudor domain that are involved 
in RNA binding and could explain a RNA-involved cytoplasmic role for p i 00 
(Callebaut and Momon, 1997; Ponting, 1997). Apparently, p i00 homologues are
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found in a wide variety of eukaryotes, including mammals, plants and insects 
(Broadhurst et al., 2005). The highly conserved structure among different kingdoms, 
together with its cytoplasmic localisation and its RNA binding ability, makes p i 00 a 
potential candidate as a RhPV IRES interacting protein with the potential o f playing a 
role in its cross-kingdom activity.
The replication protein A contains three subunits o f 14 kDa, 32 kDa and 70 kDa. RPA 
is a ssDNA-binding protein that interacts also with many proteins (reviewed in 
Fanning et al., 2006). It is possible that the 70 kDa subunit (RPA70) was identified 
because o f its interaction with RhPV-IRES protein(s), rather than binding directly to 
the RNA. To test this hypothesis, addition o f recombinant/purified RPA70 to RhPV 
IRES RNA immobilised onto magnetic beads would be useful to rule out a direct 
interaction. I f  the RPA70 is not rescued, it is likely that a bridging protein, which 
binds to the RhPV IRES and to RPA70, is responsible of the presence o f RPA70 in 
our binding assay.
The proteins identified from the WGE lysate can also be divided into three arbitrary 
groups: I) proteins known to be involved in translation (eIF4A, large ribosomal 
subunit proteins, eEFl); II) cytoplasmic enzymes (peroxidase, BP1; glucose ribitol 
dehydrogenase); III) unknown RNA binding proteins.
I) The detection of proteins involved in translation is an encouraging preliminary 
result that supports the idea that the 3 ’ end o f the RhPV IRES is functional because it 
is able to recruit the translational machinery. Interestingly, the presence o f eIF4A of 
plant origin is consistent with the observations from the first set o f experiments, in 
which eIF4A was eluted from RRL and detected by Western Blot analysis. The 
presence o f large ribosomal subunit proteins and an elongation factor supports the
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idea that the 3’ region o f the RhPV IRES is able to direct the formation o f a complex 
competent not only o f translation initiation, but also o f translation elongation.
II) As in the case o f the RRL, a cytoplasmic dehydrogenase has been detected. The 31 
kDa plant protein is homologous to the bacterial glucose and ribitol dehydrogenases 
and possesses dehydrogenase activity (Alexander et al., 1994). Dehydrogenases o f 
bacterial, insect, plant and mammalian origins have been shown to share an 
a /p  pattern with a Rossmann-fold. Conserved sequences have been mapped to the 
catalytical site and a m otif involved in nucleotide binding (reviewed in Oppermann et 
al., 2002). It is therefore possible that the 31 kDa dehydrogenase binds directly to the 
RhPV IRES. The fact that the 31 kDa protein possesses conserved regions found in 
different kingdoms makes this protein very interesting because it could participate in 
the cross-kingdom mechanism o f the RhPV IRES. However, the ubiquitous presence 
o f dehydrogenases at high concentrations could be responsible for their presence in 
the pool of the eluted proteins.
A protein with significant homology to the barley peroxidase 1 (BP1) was rescued 
from WGE. BP1 is specifically expressed in seeds and is less than 50% identical to 
other plant peroxidases. This suggests a unique role for this enzyme (Johansson et al., 
1992). Further investigation is needed to assess a potential direct or indirect binding 
ability to the RhPV 5’IRES.
III) The group o f unknown RNA binding proteins is the most intriguing o f all the 
other known rescued proteins. The fact that these proteins contain an RNA binding 
domain and that that they appear to specifically bind to the RhPV IRES (i.e. absent in 
negative controls) suggest a direct interaction with the RhPV IRES. Therefore, they 
could have a potential role in initiation of translation. If  further experiments confirm 
their presence in the pool o f RhPV IRES-binding proteins, their identification could
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be attempted. This would involve cDNA cloning, production of recombinant protein, 
depletion in lysates and in vivo silencing to establish a physiological role, generation 
o f mutants for the identification o f functional domains and prediction o f  the secondary 
structures. This type o f work could be extremely interesting not only because it 
would shed light on their potential role in IRES-mediated translation, but also because 
it has the potential o f describing a novel protein.
In the case o f the Sfl 1 lysate, only two gel bands were excised and analysed by Mass 
Spectrometry. In contrast with the gels o f RRL and WGE eluted proteins, no clear 
differences were evident when comparing proteins eluted from the functional IRES 
and those from the non-functional IRES. Therefore, two bands were excised based on 
their higher intensity in the lanes o f the functional IRES-interacting proteins. The 
proteins from the 16 kDa gel band were lost at the excision or trypsin digest step, 
since no spectra were obtained by Mass Spectrometry. In the case o f the 26 kDa gel 
band, the encouraging identification o f eEFl a  is consistent with the observations 
from the WGE.
It is clear that the analysis o f the interactions between S fl\ lysate proteins and the 
RhPV IRES has to be optimised. A useful step could be a preliminary separation of 
the total proteins in hydrophilic and hydrophobic phases by affinity chromatography, 
or into groups according to the molecular weight by gel filtration chromatography. 
This would allow the analysis o f a smaller pool o f proteins that could result in more 
evident differences in the gel band pattern. Also, protein separation in two dimensions 
(i.e. molecular weight and isoelectric point) could facilitate the identification of 
proteins on the gel. Alternatively, as suggested above, entire gel lanes could be 
analysed by Mass Spectrometry and the qualitative and quantitative spectra o f the
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negative controls (i.e. poly(A), non-functional RhPV IRES) could be used to identify 
proteins present and/or more abundant in the eluates from the functional RhPV IRES.
178
Chapter 6
GENERAL DISCUSSION
In the past few years studies have shown that the RhPV 5’IRES possesses unique 
features for a viral IRES element (Woolaway et al., 2001; Royall et al., 2004; Terenin 
et al., 2005). Comparison with the well-studied mammalian picomavirus IRES 
elements has revealed a very different IRES structure. The functional region o f the 
RhPV 5’IRES appears to be in a single stranded conformation, as opposed to the 
complex secondary structures found in the picomavims IRES elements (reviewed in 
Belsham and Jackson, 2000; Terenin et al., 2005). The results in this thesis further 
revealed that the minimal RhPV 5’IRES sequences (130 nt) are much smaller than 
those o f the picomaviruses (-400 nt; reviewed in Belsham and Jackson, 2000; 
Groppelli et al., 2007; C hapter 3). The single stranded nature o f the RhPV 5’IRES 
makes it distinct also from the IGR IRES elements o f the insect dicistroviruses. In 
fact, the IGR IRES elements fold into a compact structure o f three pseudo-knots and 
many stem-loops (reviewed in Doudna and Samow, 2007).
The differences between the RhPV 5’IRES and the other types o f IRES elements are 
also evident in their elF requirements. The picomavims IRES elements require all 
elFs but the cap-binding factor eIF4E and the N-terminus of eIF4G, with the 
exception o f the HAV IRES (Pestova et al., 1996; reviewed in Belsham and Jackson, 
2000). The RhPV 5’IRES strictly requires only a limited subset composed o f e lF l, 
eIF2 and eIF3. eIF4F is not strictly required, but its presence stimulates RhPV 5’IRES 
activity (Terenin et al., 2005). In contrast, the dicistrovirus IGR IRES elements do not 
require any elFs (reviewed in Doudna and Samow, 2007).
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The RhPV 5’IRES displays a cross-kingdom activity that has not been reported for 
any other dicistrovirus 5’ IRES element. So far, only the CrPV IGR IRES element has 
been shown to also be active in mammalian, plant and insect in vitro systems (Wilson 
et al., 2000a). However, the RhPV 5’IRES and the CrPV IGR IRES show no 
similarities and appear to exploit distinct molecular mechanisms o f action. While the 
complex structure o f the CrPV IGR IRES makes direct contacts with conserved 
regions o f the ribosome, the RhPV 5’IRES appears to interact with elFs (i.e. eIF3) to 
indirectly recruit the ribosome (Terenin et al., 2005; Pfingsten et al., 2006). 
Additionally, our preliminary studies indicate that host cell proteins bind to the 
functional 3 ’ sequence o f the RhPV 5’IRES and may have roles as ITAFs (C hapter 
5). In the case of the picomavirus IRES elements, ITAFs have been described as RNA 
chaperones that favour the optimal IRES conformation (reviewed in Belsham and 
Jackson, 2000). RhPV 5’IRES ITAFs might have a similar role. However, it could 
also be possible that the single stranded nature o f the RhPV 5’IRES might require the 
presence o f ITAFs as adaptor proteins to bridge the RNA and the translational 
machinery. Further investigation is needed to establish the identity and the role of 
RhPV 5TRES-binding proteins.
To date, much work has been done to establish the secondary structures o f all types of 
IRES elements, the initiation factor requirements and their binding sites. However, a 
true understanding o f the mechanism of IRES action relies on the elucidation o f the 
intimate interactions between the IRES RNA and the protein/ribonucleoprotein 
factors. Structural studies (i.e. X-ray crystallography, NMR, cryo-electronmicroscopy, 
hydroxyl radical probing, mass spectrometry of complexes) o f individual elFs and 
ITAFs, their binding domains and elF/ITAF-RNA complexes are extremely helpful in
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the explanation o f IRES-mediated translation initiation mechanisms (Deo et ah, 1999; 
Petoukhov et ah, 2006; Vitali et ah, 2006; reviewed in Pestova et ah, 2007). In the 
case o f the PSIV IGR IRES element, the crystal structure of the ribosome-binding 
region of the IRES has been solved by X-ray crystallography (Pfingsten et ah, 2006). 
The IRES structure was then docked into cryo-electronmicroscopy reconstructions o f 
the ribosome. This revealed how the RNA molecule creates a ribosome-binding site 
and the IRES structural features that are involved in interactions with the ribosome 
(Pfingsten et ah, 2006). Therefore, this study presents the structural basis o f the RNA- 
based translation initiation mechanism directed by the PSIV IGR IRES. It would be 
extremely interesting to adopt a structural approach to study the RhPV 5’IRES. 
However, since the RhPV 5’IRES does not appear to make direct contacts with the 
ribosome (Terenin et ah, 2005), a prerequisite would be the identification o f all the 
key players (i.e. elFs, ITAFs) in RhPV 5’IRES-mediated translation. Priority should 
be given to the identification o f the factor(s) that bridge the IRES to the ribosome. 
Since the RhPV 5’IRES is mainly unstructured, a structural approach (i.e. 
crystallography, cryo-EM) should be focussed on the bridging factor(s). This would 
be useful to understand where and how the single stranded RhPV 5’IRES is 
accommodated and which protein/riboprotein structural features are involved in order 
to explain the ability o f the RhPV 5’UTR to function as an IRES element.
The novel features of the RhPV 5’IRES raise the question o f whether this IRES 
element is unique or if  it is the first element o f such a novel IRES type to be 
described. Our data suggest that the RhPV 5’IRES may be the prototype o f an IRES 
type characterised by a short and relatively unstructured functional core which 
displays cross-kingdom activity (Woolaway et al., 2001; Royall et al., 2004; Terenin
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et al., 2005; Groppelli et al., 2007; Chapter 3). Our studies showed that the iflavirus 
KV 5’UTR contains an IRES element, similar in function to the RhPV 5’IRES 
(Chapter 4). Indeed, the KV IRES displays cross-kingdom activity and its functional 
sequences have little potential for forming secondary structures. Further work is 
needed to identify the minimal KV IRES sequence(s), its secondary structures and its 
elF/ITAF requirements in order to establish more precisely its similarity to the RhPV 
5’IRES.
Sequence analysis o f the RhPV and KV 5’UTRs revealed a high degree o f identity 
within the functional IRES regions (Chapter 4). For the mammalian picomavirus 
IRES elements the conservation of the primary sequence is not necessary, provided 
that the general structure o f the IRES is maintained. However, two features appear to 
be conserved in three types of picomavims IRES elements, and these are the 
oligopyrimidine tract and a GNRA tetraloop (reviewed in Belsham and Jackson,
2000). The importance of structure conservation is also evident in the case o f the 
dicistrovims IGR IRES elements. Mutations designed to dismpt the IRES 
pseudoknots result in loss o f IRES activity. However, activity is recovered with an 
additional mutation that restores the pseudoknots (reviewed in Doudna and Samow,
2007). The dependence on primary sequence could guide the prediction o f RhPV 
IRES-like elements by sequence comparison o f insect vims 5’UTRs with the RhPV 
5’IRES. The presence o f a high A/U content and little potential for formation o f 
secondary structure could be the first general criterion. Subsequently, if  alignment 
with the RhPV 5’IRES reveals sequence similarity, the UTR could be analysed in a 
dicistronic context to assess the presence of an IRES element. The UTR would be 
analysed along with the RhPV 5’IRES in mammalian, plant and insect systems to 
assess any cross-kingdom activity. Interestingly, in the past few years many insect and
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honeybee vims genomes and the honeybee genome itself have been sequenced 
(Fujiyuki et al., 2004; Ongus et al., 2004; Habayeb et al., 2006; Lanzi et al., 2006; 
Honeybee Genome Sequencing Consortium, 2006). Therefore, a large amount o f 
material is becoming available and would allow a large-scale screening for RhPV 
5 ’IRES-like elements in insects and insect viruses.
The search for RhPV 5’IRES-like elements could also be extended to plant vimses. 
IRES elements have been described in plant ssRNA vimses from the Tobamoviridae, 
Potyviridae and Comoviridae families. These IRES elements have been reported to 
function in plant systems and also in the RRL system (reviewed in Kneller et al., 
2006). Interestingly, like the RhPV 5’IRES, the plant viral IRES elements are much 
shorter and less stmctured than those from the picomavimses. The fact that RhPV is 
transmitted horizontally through plants might suggest that RhPV acquired its IRES 
from a plant vims mRNA. In a preliminary study we delivered IRES-containing 
dicistronic constmcts into Nicotiana benthamiana leaves. The cassettes o f the form 
CAT/IRES/LUC were first cloned into the pBIN61S vector, a kind gift from Dr 
George Lomonossoff, John Innes Centre, Norwich, UK (Liu and Lomonossoff, 2002). 
This vector is based on the pBINPLUS plasmid (van Engelen et al., 1997) and 
contains a multiple cloning site flanked by the 35S cauliflower mosaic vims promoter 
and the nos terminator. The IRES-containing cassettes were inserted the vector at the 
multiple cloning site. The resulting constmcts containing the cassettes o f the form 
CAT/IRES/LUC were agroinfiltrated in N. benthamiana leaves as described in Liu 
and Lomonossoff (2002) in order to asses the activity o f the RhPV IRES element and 
some of its mutants to direct internal initiation, alongside the FMDV IRES and No 
IRES negative controls. All the constmcts efficiently expressed CAT, which is a 
measure o f cap-dependent translation, and acts here as an internal positive control. A
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CAT assay and Western Blot analysis were performed using equal volumes o f cell 
extracts. This resulted in differences in the amount o f CAT detected in our assays 
from each construct (Figure 6.1). LUC activity was measured with a LUC assay but 
expression was not detected in any samples. To rule out the possibility that N. 
benthamiana factors could negatively influence the LUC assay, Western Blot analysis 
was performed to detect LUC protein. No LUC protein was detected in any sample 
(data not shown), suggesting that none o f the IRES elements were able to direct 
translation o f the downstream cistron LUC in this system.
Therefore, it appears that, at least in our preliminary system, the RhPV 5’IRES is not 
functional in plant cells. Further investigation is needed to confirm and explain our 
results. In particular, the issue o f competition o f the RhPV 5’IRES-containing mRNA 
with host cell mRNAs for the translational machinery has to be addressed. It may be 
that, although RhPV acquired the 5’IRES from a plant virus, functionality o f the IRES 
in plants was later lost.
IRES elements have been used in biotechnology in systems that require the expression 
of more than one gene of interest (reviewed in Martinez-Salas, 1999). The utility o f 
the RhPV 5’IRES element has been assessed in the baculovirus expression system 
(Pijlman et al., 2006) and in vitro protein expression systems (Royall et al., 2004). 
Use o f smaller fragments of the RhPV IRES in such systems, rather than the full- 
length version, may be beneficial in the construction of such vectors. Additionally, the 
cross-kingdom activity of the RhPV 5’IRES makes it a good candidate for 
applications in biotechnology. In combination with a vector that is functional in the 
same systems, the RhPV 5’IRES has the potential o f being a useful tool for cross­
kingdom studies. We investigated the potential advantages that the RhPV IRES
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Figure 6.1 CAT expression from  IRES containing constructs in N. benthamiana 
leaves. pBIN61S constructs that contained a cassette of the form CAT/IRES/LUC 
were electroporated in A. tumefaciens. The bacteria were then used to infiltrate N. 
benthamiana leaves. Two days after infiltration, cell extracts were prepared and CAT 
expression was analysed by Western Blot (A) and CAT ELISA (B). In both assays, 
equal volumes of cell extracts were used, rather than equivalent levels of proteins.
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element can bring to the Sindbis virus-based expression vector SINrep, which is 
functional in mammalian and insect systems (reviewed in Frolov et al., 1996; Section 
1.19.1). In this preliminary study we analysed a SINrep-based construct in 
combination with different IRES elements, including the full length RhPV 5’IRES, 
two deletion mutants and the FMDV IRES and we elctroporated mammalian cells 
(BHK-21; Section 2.26). Surprisingly, our preliminary studies revealed that the RhPV 
5’IRES is more active than the FMDV IRES in a mammalian system (Figure 6.2). 
Encouragingly, the RhPV 5’IRES deletion mutant M300/429 (nt 300-429) was almost 
as active as the full length RhPV 5’IRES (nt 1-579). This suggests that this construct 
o f limited size has the potential o f replacing the wt IRES without losing activity in a 
SIN-rep-based mammalian system. However, the RhPV 5’IRES did not appear to 
have a significant advantage over the No IRES negative control. Interestingly, this 
was not due to low activity of the IRES element, but to the extremely high activity o f 
the negative control. Therefore, at this stage the potential use o f the RhPV 5’IRES in 
a Sindbis virus-based system remains unclear. In particular, since the No IRES 
negative control resulted in high protein expression, it has to be established if  an IRES 
element is necessary in this system. However, the advantage of an IRES element 
resides in its activity in conditions o f host cell translation inhibition. It would be 
interesting to assess the activity of the No IRES and IRES-containing constructs 
during eIF4G cleavage. Additionally, our constructs will be analysed in insect cells. It 
needs to be assessed if  the advantages o f an RhPV 5’IRES-containing SINrep vector 
are evident in this system. In addition, the use o f an alternative virus-based vector 
with the RhPV 5’IRES could be considered in plant and insect systems. The insect 
Flock House virus (FHV) would be an interesting candidate as a vector, since it is
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Figure 6.2 T7-SINrep5 system incorporating an IRES element and analysis of 
the constructs T7-SINrep-CAT/IRES/LUC in BHK cells. I) In the T7-SINrep5 
system, the non-structural proteins are encoded in the 5’end of the RNA molecule. 
Downstream of the subgenomic promoter (SGP), the cassette CAT/IRES/LUC has 
been inserted. Transcription of this vector results in a single RNA molecule, whose 5’ 
end will be translated to give the non-structural proteins and that will serve as 
template for transcription of the CAT/IRES/LUC mRNA via the subgenomic 
promoter. Expression of the first cistron (CAT) occurs via the cap-dependent 
mechanism, while LUC expression is IRES-dependent. II) The replicons o f the form 
T7-SINrep5-CAT/IRES/LUC were electroporated into BHK cells and cells harvested 
20 h post electroporation. CAT and LUC assays were then performed. A) CAT 
expression, which occurs via the cap-dependent mechanism, was measured with a 
CAT ELISA and Absorbance measured at 405 nm (A4 0 5  nm). B) LUC expression, 
which is IRES-dependent, was measured in Relative Light Units (RLU). The results 
presented here are representative of two separate experiments.
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able to replicate in insect and plant systems (Selling et al., 1990; Dasgupta et al.,
2001). FHV is a ssRNA member of the Nodaviruses. FHV is pathogenic to insects but 
does not appear to produce any symptoms in plants (Selling et al., 1990). Our 
preliminary results on the RhPV 5’IRES suggest that it is not functional in an in vivo 
plant system (Figure 6.1). I f  further analysis confirms our data, the inability o f the 
RhPV 5’IRES to function in plants could actually be an advantage in the development 
o f  a bio-insecticide to protect crops. An FHV-based vector o f the form FHV RNA- 
RhPV 5’IRES-insecticide gene could be used against plant-feeding insects. The FHV 
backbone would allow translation o f the viral proteins and virus replication in plants 
and insects. However, the insecticide gene would be selectively expressed in insects, 
since it is translated via the RhPV 5’IRES. The advantage compared to plant virus- 
based bio-insecticides resides in the fact that in a FHV-RhPV 5’IRES system the 
production o f the toxic trans-gene occurs specifically in the organism that is being 
eliminated (i.e. insects), and not in the organism o f interest (i.e. crop plants). 
Therefore, this system has the potential of being a safer alternative than the expression 
o f insect toxins in crop plants (Borovsky et al., 2006). Additionally, this system would 
allow the vector to spread in two directions: the insect-to-insect direction, typical o f 
insect viruses, and the plant-to-plant via insect pathway, typical o f plant viruses. 
Therefore, a limited amount of initial inoculum could have an impact on a significant 
amount of insects.
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APPENDIX I
Media 
LB broth
10 g tryptone
5 g yeast extract 
10gN aC l2
Made up to 1 litre with water and autoclaved 
LB agar
As above, but including 1.5 % Bacto agar 
Calcium chloride
6 g CaCl2
4 ml 1 M Tris pH 7.5
Made up to 400 ml with water and filter sterilised
Plasmid miniprep solutions
Resuspension solution
50 mM glucose 
25 mM Tris pH 8.0 
10 mM EDTA
Lysis solution
1 % SDS 
0.2 M NaOH
Neutralization solution
120 ml 5 M K acetate 
23 ml glacial acetic acid 
57 ml water
TE buffer
5 ml Tris pH 7.5
1 ml 0.5 M EDTA pH 8.0
Made up to 500 ml with water and autoclaved
TE /RNAse solution
450 pi TE buffer
50 pi RNase (50 mg/ml; Promega)
Gel Electrophoresis solutions 
50 x TAE buffer
242 g Tris
57 ml glacial acetic acid
100 ml 0.5 M EDTA pH 8.0
Made up to 1 litre with water and autoclaved
10 x TBE buffer
121 g Tris 
62 g boric acid
18.6 g EDTA
Made up to 1 litre with water and autoclaved
2 x TBE sample buffer
4 ml 10 x TBE buffer 
4 ml glycerol 
12 ml distilled water 
bromophenol blue bye 
xylene cyanol FF dye
Ethidium Bromide
100 mg (1 tablet; Sigma) in 10 ml water (10 mg/ml)
SDS-PAGE solutions
10 % SDS resolving gel
4.6 ml water 
10 ml AX2
5 ml acrylamide (40 %)
100 pi 20%  SDS
200 pi ammonium persulphate
50 pi TEMED
10 % SDS stacking gel
3.75 ml water
5 ml BX2
1 ml acrylamide (40 %)
50 pi 20 % SDS
100 pi ammonium persulphate
30 pi TEMED
AX2
45.3 g Tris dissolved in water, pH 8.8 then made up to 500 ml 
BX2
15.12 g Tris dissolved in water, pH 6.8 then made up to 500 ml 
Running buffer
3 g Tris
14.4 glycine 
5 ml SDS
Made up to 1 litre with water 
Coomassie stain
As destain, but including 1.25 g coomassie blue 
Destain
250 ml methanol
100 ml glacial acetic acid
Made up to 1 litre with water
Western Blot solutions 
Transfer buffer
3 g Tris
14.4 glycine
Made up to 800 ml with water 
Add 200 ml Methanol
lOx TBS-0.1% Tween
48.4 g Tris 
160 gN aC l
Made up to 1800 ml with water 
Adjusted to pH 7.6 with concentrated HC1 
Add 20 ml Tween 20 (BDH)
Made up to 2 litres with water 
Store at +4C
Blocking Solution
5% w/v Marvel in 1 X TBC-Tween
RNA-protein binding assay solutions
20 x SSC
175 gN aC l
88.2 g sodium citrate
Made up to 1 litre with water
l x B B B
10 mM tris pH 7.5 
lOOmM KCl 
2 mM MgCl2
Appendix II 
Mascot Search Results
RRL: p80
User : Jane Newcombe
Email : j.newcombe@surrey.ac.uk
Search title : D:\PE Sciex Data\Projects\Elizabetta\20070215SETl.wiff (sample number 2)
MS data file : C:\Temp\mas5B.tmp
Database : NCBInr 20070224 (4649506 sequences; 1604431067 residues)
Taxonomy : Mammalia (mammals) (551463 sequences)
Timestamp : 2 Mar 2007 at 11:47:12 GMT
Protein hits :
gi|45429977 100 kDa coactivator [Bos taurus] 
gi|28317 unnamed protein product [Homo sapiens]
g i|l 14667176 PREDICTED: similar to Keratin, type I cytoskeletal 14 (Cytokeratin-14) (CK-14) 
(Keratin-14) (K14) [Pan troglodytes]
gi| 1346343 Keratin, type II cytoskeletal 1 (Cytokeratin-1) (CK-1) (Keratin-1) (K l) (67 kDa 
cytokeratin) (Hair alpha protein)
gi|73982183 PREDICTED: similar to membrane component chromosome 11 surface marker 1 isoform 
1 isoform 2 [Canis familiaris]
gi|902342 human homolog is GPI-anchored protein [Mus musculus] 
gi|453155 keratin 9 [Homo sapiens]
gi|2498733 GPI-anchored membrane protein 1 (GPI-anchored protein p l37) (pl37GPI) (Membrane
component chromosome 11 surface marker 1)
gi|46485012 TPA: TPA_exp: type II keratin Kbl [Rattus norvegicus]
gi|6678643 keratin complex 2, basic, gene 1 [Mus musculus]
gi|52787 unnamed protein product [Mus musculus]
gi|547754 Keratin, type II cytoskeletal 2 epidermal (Cytokeratin-2e) (K2e) (CK 2e)
gi|3318722 Chain E, Leech-Derived Tryptase InhibitorTRYPSIN COMPLEX
gi|82408001 Chain A, Crystal Structure O f Cytochrome C From Bovine Heart At 1.5 A Resolution.
gij 119892108 PREDICTED: similar to epidermal cytokeratin 2 [Bos taurus]
g i|71051822 LOC683313 protein [Rattus norvegicus]
gi|62122767 keratin 9 [Canis familiaris]
gi|398168 keratin 2 epidermis [Mus musculus]
gijl 14667194 PREDICTED: hypothetical protein [Pan troglodytes]
g i|3183048 Keratin, type I cytoskeletal 12 (Cytokeratin-12) (CK-12) (Keratin-12) (K12)
gi|47577261 olfactory receptor 01r395 [Rattus norvegicus]
gi|73959550 PREDICTED: similar to transducin beta-like 3 [Canis familiaris]
gi| 109452613 ribonuclease L [Macaca mulatta]
gi|553734 putative [Homo sapiens]
gij 1931584 eIF-3 pi 10 subunit [Homo sapiens]
RRL: p52
User : Jane Newcombe
Email : j.newcombe@surrey.ac.uk
Search title : D:\PE Sciex Data\Projects\Elizabetta\20070213RTL52EGSETl.wiff (sample number 1) 
MS data file : C:\Temp\masD5.tmp
Database : NCBInr 20070216 (4626804 sequences; 1596079197 residues)
Timestamp : 20 Feb 2007 at 11:24:02 GMT
Significant hits:
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gi|129535 Polyadenylate-binding protein 1 (Poly(A)-binding protein 1) (PABP 1)
gi|72534835 poly A  binding protein, cytoplasmic 1 a [Danio rerio]
gi|28317 unnamed protein product [Homo sapiens]
gi|47217896 unnamed protein product [Tetraodon nigroviridis]
gij 1346343 Keratin, type II cytoskeletal 1 (Cytokeratin-1) (CK-1) (Keratin-1) (K l) (67 kDa 
cytokeratin) (Hair alpha protein) 
gi|27805977 keratin 10 [Bos taurus]
gijl 14667176 PREDICTED: similar to Keratin, type I cytoskeletal 14 (Cytokeratin-14) (CK-14) 
(Keratin-14) (K14) [Pan troglodytes]
gi|547754 Keratin, type II cytoskeletal 2 epidermal (Cytokeratin-2e) (K2e) (CK 2e) 
gi|27682273 PREDICTED: similar to poly A  binding protein, cytoplasmic 2 [Rattus norvegicus] 
gij49118872 MGC80927 protein [Xenopus laevis] 
gi|453155 keratin 9 [Homo sapiens]
gij73992493 PREDICTED: similar to poly(A) binding protein, cytoplasmic 1 [Canis familiaris]
gi|47223169 unnamed protein product [Tetraodon nigroviridis]
gij46485012 TP A: TPA_exp: type II keratin Kbl [Rattus norvegicus]
gi|37681851 poly(A)-binding protein, cytoplasmic 1 [Danio rerio]
gi|398168 keratin 2 epidermis [Mus musculus]
gijl 18100597 PREDICTED: similar to MGC89376 protein [Gallus gallus] 
gi|6678643 keratin complex 2, basic, gene 1 [Mus musculus]
gij82408001 Chain A, Crystal Structure O f Cytochrome C From Bovine Heart At 1.5 A Resolution. 
gij91095031 PREDICTED: similar to poly A binding protein, cytoplasmic 1 isoform 1 [Tribolium 
castaneum]
RRL: p50
User : Jane Newcombe
Email : j.newcombe@surrey.ac.uk
Search title : D:\PE Sciex Data\Projects\Elizabetta\20070213RTL50EGSETl.wiff (sample number 1) 
MS data file : C:\Temp\masEl.tmp
Database : NCBInr 20070216 (4626804 sequences; 1596079197 residues)
Taxonomy : Mammalia (mammals) (551031 sequences)
Timestamp : 21 Feb 2007 at 11:22:24 GMT
Significant hits:
gi| 12230216 Arachidonate 12-lipoxygenase, 12S-type (12-LOX)
gi| 126397 Arachidonate 15-lipoxygenase (Omega-6 lipoxygenase) (Erythroid cell-specific 15- 
lipoxygenase) (15 -LOX)
gi| 164907 lipoxygenase [Oryctolagus cuniculus]
gijl 15496244 hypothetical protein LOC504844 [Bos taurus]
gij73967216 PREDICTED: similar to Replication protein A 70 kDa DNA-binding subunit (RP-A) 
(RF-A) (Replication factor-A protein 1) (Single-stranded DNA-binding protein) iso 
gi|4506583 replication protein A l, 70kDa [Homo sapiens] 
gij 114145419 replication protein A 1 [Rattus norvegicus]
gij82408001 Chain A, Crystal Structure Of Cytochrome C From Bovine Heart At 1.5 A  Resolution, 
gij 109488316 PREDICTED: similar to Arachidonate 12-lipoxygenase, epidermal-type (12-LOX) 
[Rattus norvegicus]
gi|l 14667176 PREDICTED: similar to Keratin, type I cytoskeletal 14 (Cytokeratin-14) (CK-14) 
(Keratin-14) (K14) [Pan troglodytes] 
gi| 136429 Trypsin precursor
gij547754 Keratin, type II cytoskeletal 2 epidermal (Cytokeratin-2e) (K2e) (CK 2e) 
gi|3 86854 type II keratin subunit protein
gi|73955437 PREDICTED: similar to Arachidonate 15-lipoxygenase (Arachidonate omega-6
lipoxygenase) (15-LOX) [Canis familiaris]
gi|28317 unnamed protein product [Homo sapiens]
g ijl09112842 PREDICTED: arachidonate 15-lipoxygenase [Macaca mulatta]
gi|3319290 thyroid hormone receptor-associated protein complex component TRAP220 [Homo 
sapiens]
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Search title : D:\PE Sciex Data\Projects\Elizabetta\20070213RTL30EGSET1 .w iff (sample number 1) 
MS data file : C:\Temp\masEO.tmp
Database : NCBInr 20070216 (4626804 sequences; 1596079197 residues)
Taxonomy : Mammalia (mammals) (551031 sequences)
Timestamp : 21 Feb 2007 at 11:17:00 GMT
Significant hits:
gi| 1346343 Keratin, type II cytoskeletal 1 (Cytokeratin-1) (CK-1) (Keratin-1) (K l) (67 kDa
cytokeratin) (Hair alpha protein)
gi|l 14667176 PREDICTED: similar to Keratin, type I cytoskeletal 14 (Cytokeratin-14) (CK-14)
(Keratin-14) (K14) [Pan troglodytes]
gi| 126397 Arachidonate 15-lipoxygenase (Omega-6 lipoxygenase) (Erythroid cell-specific 15-
lipoxygenase) (15-LOX)
gi|547754 Keratin, type II cytoskeletal 2 epidermal (Cytokeratin-2e) (K2e) (CK 2e) 
gi|46485012 TP A: T P A exp : type II keratin Kbl [Rattus norvegicus] 
gi|28317 unnamed protein product [Homo sapiens] 
gi|6678643 keratin complex 2, basic, gene 1 [Mus musculus]
gij 82408001 Chain A, Crystal Structure O f Cytochrome C From Bovine Heart At 1.5 A  Resolution.
gi|l 19892108 PREDICTED: similar to epidermal cytokeratin 2 [Bos taurus]
gi|136429 Trypsin precursor
gij71051822 LOC683313 protein [Rattus norvegicus]
gi| 109096781 PREDICTED: keratin 6A isoform 18 [Macaca mulatta]
gi|398168 keratin 2 epidermis [Mus musculus]
gijl 14667194 PREDICTED: hypothetical protein [Pan troglodytes]
gi|28173564 keratin 6 irs3 [Homo sapiens]
gi|57143 ribosomal protein S9 [Rattus norvegicus]
gij550023 ribosomal protein S9
gij62122767 keratin 9 [Canis familiaris]
RRL: p20
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Search title : D:\PE Sciex Data\Projects\Elizabetta\20070213RTL20EGSETl.wiff (sample number 1) 
MS data file : C:\Temp\masD7.tmp
Database : NCBInr 20070216 (4626804 sequences; 1596079197 residues)
Timestamp : 21 Feb 2007 at 10:43:58 GMT
Significant hits:
gi|40889050 Chain O, Crystal Structure Of The Rabbit Muscle Glyceraldehyde-3- Phosphate
Dehydrogenase (Gapdh)
gi|1346343 Keratin, type II cytoskeletal 1 (Cytokeratin-1) (CK-1) (Keratin-1) (K l) (67 kDa
cytokeratin) (Hair alpha protein)
gi|56783068 glyceraldehyde-3-phosphate dehydrogenase [Peromyscus maniculatus]
gij89573907 glyceraldehyde-3-phosphate dehydrogenase [Sminthopsis douglasi]
g i|l 14667176 PREDICTED: similar to Keratin, type I cytoskeletal 14 (Cytokeratin-14) (CK-14)
(Keratin-14) (K14) [Pan troglodytes]
g i|31645 glyceraldehyde-3-phosphate dehydrogenase [Homo sapiens]
gi|82996390 PREDICTED: similar to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [Mus 
musculus]
gi|230867 Chain R, Twinning In Crystals O f Human Skeletal Muscle D- Glyceraldehyde-3-
Phosphate Dehydrogenase
gi| 1334725 unnamed protein product [Gallus gallus]
225
gi|6678643 keratin complex 2, basic, gene 1 [Mus musculus]
gi|73952614 PREDICTED: similar to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [Canis 
familiaris]
gi| 13936898 glyceraldehyde phosphate dehydrogenase [Oncorhynchus mykiss] 
gi| 109119903 glyceraldehyde-3-phosphate dehydrogenase [Bombyx mori] 
gijl 14667194 PREDICTED: hypothetical protein [Pan troglodytes] 
gi|25989185 glyceraldehyde 3-phosphate dehydrogenase [Gadus morhua]
gi|57105526 PREDICTED: similar to glyceraldehyde-3-phosphate dehydrogenase [Canis familiaris] 
gi|6016070 Glyceraldehyde-3-phosphate dehydrogenase 1 (GAPDH-1)
g i|7 1659499 glyceraldehyde 3-phosphate dehydrogenase, cytosolic [Trypanosoma cruzi strain CL 
Brener]
gi|2407184 glyceraldehyde 3-phosphate dehydrogenase [Sus scrofa] 
gi|10121679 glyceraldehyde-3-phosphate dehydrogenase [Gillichthys mirabilis] 
gij229351 cytochrome c
gi|417018 Glyceraldehyde-3-phosphate dehydrogenase 2 (GAPDH-2)
gi|62664602 PREDICTED: similar to glyceraldehyde-3-phosphate dehydrogenase [Rattus norvegicus] 
gij 19112028 hypothetical protein SPBC354.12 [Schizosaccharomyces pombe 972h-] 
gi| 13236495 crystallin, zeta [Homo sapiens] 
gi|28317 unnamed protein product [Homo sapiens]
gij 109521103 PREDICTED: similar to type II keratin Kb36 [Rattus norvegicus]
gij73965817 PREDICTED: similar to Keratin, type I cytoskeletal 16 (Cytokeratin 16) (K16) (CK 16)
[Canis familiaris]
gi|387398 epidermal keratin type I
gij94394815 PREDICTED: similar to Glyceraldehyde-3-phosphate dehydrogenase
RRL: p l6
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gi|28317 unnamed protein product [Homo sapiens]
gi| 1346343 Keratin, type II cytoskeletal 1 (Cytokeratin-1) (CK-1) (Keratin-1) (K l) (67 kDa 
cytokeratin) (Hair alpha protein)
g i|l 14667176 PREDICTED: similar to Keratin, type I cytoskeletal 14 (Cytokeratin-14) (CK-14) 
(Keratin-14) (K14) [Pan troglodytes]
gi|547754 Keratin, type II cytoskeletal 2 epidermal (Cytokeratin-2e) (K2e) (CK 2e)
gi|453155 keratin 9 [Homo sapiens]
gij27805977 keratin 10 [Bos taurus]
gi|398168 keratin 2 epidermis [Mus musculus]
gij46485012 TPA: TPA_exp: type II keratin Kbl [Rattus norvegicus]
gij71051822 LOC683313 protein [Rattus norvegicus]
gij 109096781 PREDICTED: keratin 6A isoform 18 [Macaca mulatta]
gi| 136429 Trypsin precursor
gijl 19892108 PREDICTED: similar to epidermal cytokeratin 2 [Bos taurus] 
gi|6678643 keratin complex 2, basic, gene 1 [Mus musculus]
gij82408001 Chain A, Crystal Structure O f Cytochrome C From Bovine Heart At 1.5 A Resolution.
gi|28173564 keratin 6 irs3 [Homo sapiens]
gijl 14667194 PREDICTED: hypothetical protein [Pan troglodytes]
gi|337518 ribosomal protein
gi|4506617 ribosomal protein L17 [Homo sapiens]
gij62122767 keratin 9 [Canis familiaris]
gij3183048 Keratin, type I cytoskeletal 12 (Cytokeratin-12) (CK-12) (Keratin-12) (K12) 
gi|553734 putative [Homo sapiens]
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gi| 133972 40S ribosomal protein S5
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g i|l 15468556 0s06g0562700 [Oryza sativa (japonica cultivar-group)] 
gi|8778651 F5011.3 [Arabidopsis thaliana] 
gi|9759153 unnamed protein product [Arabidopsis thaliana] 
gi|12324117 Athila ORF 1, putative; 49840-46364 [Arabidopsis thaliana] 
gi|49615724 DNA mismatch repair protein [Petunia x hybrida] 
gi|9759460 RNA helicase [Arabidopsis thaliana]
gi| 15233037 ATP binding / ATPase/ nucleoside-triphosphatase/ nucleotide binding [Arabidopsis 
thaliana]
gi|57899504 dynamin-like [Oryza sativa (japonica cultivar-group)] 
gi|75158652 Protein BRICK1
gi|89892031 MADS-box transcription factor APETALAI [Sophora tetraptera]
gi| 125538342 hypothetical protein 0sl_005970 [Oryza sativa (indica cultivar-group)]
gijl 15477352 0s08g0521000 [Oryza sativa (japonica cultivar-group)]
gi| 15226197 ATP binding / kinase/ protein serine/threonine kinase [Arabidopsis thaliana]
gijl 16056894 putative DnaJ protein; 34 (ISS) [Ostreococcus tauri]
gi|92868072hypothetical protein MtrDRAFT_AC125476g7vl [Medicago truncatula]
gi|34393947 ribosomal RNA apurinic site specific lyase-like [Oryza sativa (japonica cultivar-group)]
gij 109892852 [Segment 2 o f  2] Putative cytochrome c oxidase subunit II PS 17
gi| 125606182 hypothetical protein OsJ_028701 [Oryza sativa (japonica cultivar-group)]
gijl 15467510 0s06g0268800 [Oryza sativa (japonica cultivar-group)]
gi| 15226228 CYP94C1; heme binding / iron ion binding / monooxygenase/ oxygen binding 
[Arabidopsis thaliana]
gi|92884717 AAA ATPase; AIG1 [Medicago truncatula]
gi|62701837 hypothetical protein L O C _O sllgl7980 [Oryza sativa (japonica cultivar-group)]
gi|l 16056099 unnamed protein product [Ostreococcus tauri]
gi|92877543 Leucine-rich repeat, plant specific [Medicago truncatula]
gi|l 15465483 0s05g0566300 [Oryza sativa (japonica cultivar-group)]
gi|31432226 hypothetical protein LOC_OslOg29430 [Oryza sativa (japonica cultivar-group)]
gi|46394284 TPA: TPA_inf: WRKY transcription factor 15 [Oryza sativa (japonica cultivar-group)]
gi|l 16061133 unnamed protein product [Ostreococcus tauri]
gi| 15240692 unknown protein [Arabidopsis thaliana]
gi| 15240174 ubiquitin-protein ligase/ zinc ion binding [Arabidopsis thaliana]
WGE: p46
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Protein hits :
gi|39545835 OSJNBb0060E08.6 [Oryza sativa (japonica cultivar-group)]
gij 125550932 hypothetical protein O sl_017874 [Oryza sativa (indica cultivar-group)]
gijl 15919 Cell division control protein 2 homolog 2
gi|232029 Elongation factor 1-alpha (EF-1-alpha)
si 24371057 eukaryotic elongation factor 1A [Suaeda japonica]
gi|228310 globulin 2
gi|109892873 [Segment 5 o f  10] Putative oxygen-evolving enhancer protein 1 (OEE1) (33 kDa subunit 
o f oxygen evolving system o f photosystem II) (OEC 33 kDa subunit) (33 kDa thylakoid membrane 
protein) (PS2)
gi| 115472577 0s07g0539700 [Oryza sativa (japonica cultivar-group)] 
gijl 15450691 0s03g0145000 [Oryza sativa (japonica cultivar-group)] 
gi|125538820 hypothetical protein Osl_006448 [Oryza sativa (indica cultivar-group)] 
gi|5757793 protein kinase 9 [Salvia columbariae]
gi| 15230296 ATP binding / kinase/ protein kinase/ protein serine/threonine kinase/ protein-tyrosine 
kinase [Arabidopsis thaliana]
gi| 15242961 ATP binding /  protein kinase/ protein serine/threonine kinase/ protein-tyrosine kinase 
[Arabidopsis thaliana]
gi|4234953 NBS-LRR-like protein cD7 [Phaseolus vulgaris]
gijl 15460844 0s04g0636900 [Oryza sativa (japonica cultivar-group)]
gi|79576982 ATP binding / nucleoside-triphosphatase/ nucleotide binding [Arabidopsis thaliana] 
gij 15226197 ATP binding / kinase/ protein serine/threonine kinase [Arabidopsis thaliana] 
gi|l 15463829 0s05g0406400 [Oryza sativa (japonica cultivar-group)]
gi|77551789 retrotransposon protein, putative, Ty3-gypsy subclass [Oryza sativa (japonica cultivar- 
group)]
gi|2887310 TSI-1 protein [Solanum lycopersicum]
gi|53831205 R1 [Solanum tuberosum]
gij79324971 unknown protein [Arabidopsis thaliana]
gij 15232073 lyase/ pectate lyase [Arabidopsis thaliana]
gi|7524890 hypothetical protein ChvuCpl34 [Chlorella vulgaris]
gij2190553 Strong similarity to Arabidopsis zeta-crystallin-like protein (gb|Z49268). [Arabidopsis 
thaliana]
WGE: p34
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gi| 12580861 translation elongation factor-1 alpha [Picea abies]
gi|6015054 Elongation factor 1-alpha (EF-l-alpha)
gi|24371057 eukaryotic elongation factor 1A [Suaeda japonica]
gi|29243204 elongation factor 1A [Avicennia marina]
gi| 1673426 factor 1-alpha [Forsythia x intermedia]
gij7542600 translation elongation factor la  [Capsicum annuum]
gi|303844 eukaryotic initiation factor 4A [Oryza sativa (japonica cultivar-group)]
gi|38564733 initiation factor eIF4A-15 [Helianthus annuus]
gijl08864589 RNA recognition motif family protein, expressed [Oryza sativa (japonica cultivar- 
group)]
gi| 115477340 0s08g0520300 [Oryza sativa (japonica cultivar-group)] 
gi|2511541 DNA-binding protein GBP16 [Oryza sativa] 
gi|228310 globulin 2
g i|l 15445331 0s02g0250600 [Oryza sativa (japonica cultivar-group)]
228
gi|109892873 [Segment 5 o f  10] Putative oxygen-evolving enhancer protein 1 (OEE1) (33 kDa subunit 
o f  oxygen evolving system o f photosystem II) (OEC 33 kDa subunit) (33 kDa thylakoid membrane 
protein) (PS2)
gi|76257853 alpha-tubulin [Mesostigma viride] 
gi|135398 Tubulin alpha-1 chain (Alpha-1 tubulin) 
gi|92887493 TIR [Medicago truncatula] 
gi|21322750 LEA-like protein [Lilium longiflorum]
gi|125535177 hypothetical protein Osl_035684 [Oryza sativa (indica cultivar-group)] 
gi|125527778 hypothetical protein Osl_003739 [Oryza sativa (indica cultivar-group)] 
gi| 13124867 starch associated protein R1 [Solanum tuberosum] 
gi|3763925 putative clathrin binding protein (epsin) [Arabidopsis thaliana] 
gi|29539324 elongation factor-lalpha [Pleodorina sp. 2000-602-P14] 
gi| 116054736 unnamed protein product [Ostreococcus tauri]
gi|29126354 retrotransposon protein, putative, unclassified [Oryza sativa (japonica cultivar-group)] 
gi|63191671 small ribosomal protein subunit 4 [Pylaisia polyantha] 
gi|2244898 phosphatase like protein [Arabidopsis thaliana] 
gi|9838390 orfl07a [Beta vulgaris subsp. vulgaris]
WGE: p32.5
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gi|l 15438550 0s01g0614500 [Oryza sativa (japonica cultivar-group)] 
gij 13517923 L3 ribosomal protein [Lolium perenne] 
gi|231503 Actin-97
gi|15289940putative actin [Oryza sativa (japonica cultivar-group)] 
gi|228310globulin 2
gi| 109892873[Segment 5 o f  10] Putative oxygen-evolving enhancer protein 1 (OEE1) (33 kDa subunit 
o f oxygen evolving system o f photosystem II) (OEC 33 kDa subunit) (33 kDa thylakoid membrane 
protein) (PS2)
gi|15076949actin [Musa x paradisiaca]
gi|53791484unknown protein [Oryza sativa (japonica cultivar-group)] 
gi|33526877ribosomal protein L3 [Triticum aestivum] 
gi|109892469[Segment 9 o f  10] Putative heat-shock protein PS1 
gi|2244755hypothetical protein [Arabidopsis thaliana] 
gij 1154843650sl lg0168200 [Oryza sativa (japonica cultivar-group)] 
gi|84579412Lactuca sativa 9-cis-epoxycarotenoid dioxygenase 4 
gi|92899288Serine/threonine protein kinase, active site [Medicago truncatula] 
gi|6523035kinesin-like protein [Arabidopsis thaliana] 
gi|l 5222819ubiquitin-protein ligase [Arabidopsis thaliana] 
gi|15233570unknown protein [Arabidopsis thaliana] 
gi|129916Phosphoglycerate kinase, cytosolic 
gijl092249major allergen Phi p Va
gi|45735990putative KH domain protein [Oryza sativa (japonica cultivar-group)]
gij 1360583lAT5g02870/F9G 14_l80 [Arabidopsis thaliana]
gi| 18057116hypothetical protein [Oryza sativa (japonica cultivar-group)]
gij92868072hypothetical protein MtrDRAFT_AC125476g7vl [Medicago truncatula]
gi|4586626histidine kinase 1 [Arabidopsis thaliana]
gijl 16056894putative DnaJ protein; 34 (ISS) [Ostreococcus tauri]
g i|l 16057152TNF receptor-associated factor (ISS) [Ostreococcus tauri]
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gi| 167081 peroxidase BP 1
gi 7431022 glucose and ribitol dehydrogenase homolog - barley 
gi|228310 globulin 2
gi|22001285 peroxidase 1 [Triticum aestivum]
gijl 15442409 n0s01g0963200 [Oryza sativa (japonica cultivar-group)]
gij62318877 peroxidase ATP4a [Arabidopsis thaliana]
gijl 15449661 0s02g0817500 [Oryza sativa (japonica cultivar-group)]
gi| 1063415 K+ channel protein
gij6094102 60S acidic ribosomal protein P0
gi|34393947 ribosomal RNA apurinic site specific lyase-like [Oryza sativa (japonica cultivar-group)] 
gijl08885236 Glucose and ribitol dehydrogenase homolog
gi|109892873 [Segment 5 o f 10] Putative oxygen-evolving enhancer protein 1 (OEE1) (33 kDa subunit 
o f oxygen evolving system o f photosystem II) (OEC 33 kDa subunit) (33 kDa thylakoid membrane 
protein) (PS2)
gi|2887310 TSI-1 protein [Solanum lycopersicum]
gij 120668 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic
gi|23194375 putative TAG factor protein [Lupinus angustifolius]
gij 167004 embryo globulin
gi|2224846 anionic peroxidase [Zea mays]
gij91214183 Ycf2 [Glycine max]
gijl 1990497 stripe rust resistance protein YrlO [Triticum aestivum] 
gi|83839213 glyceraldehyde-3-phosphate dehydrogenase [Lilium longiflorum] 
gij85701179 Cationic peroxidase SPC4 precursor
gij 116058001 15,16-dihydrobiliverdin:ferredoxin oxidoreductase (ISS) [Ostreococcus tauri] 
gijl 16059568 P sl6  protein (ISS) [Ostreococcus tauri]
gi|92881350 Diacylglycerol kinase accessory region; Diacylglycerol kinase, catalytic region; Protein 
kinase C, phorbol ester/diacylglycerol binding [Medicago truncatula] 
gi| 14090506 small ribosomal protein 4 [Exodictyon incrassatum] 
gijl 16060924 unnamed protein product [Ostreococcus tauri]
gij 15226197 ATP binding / kinase/ protein serine/threonine kinase [Arabidopsis thaliana] 
gij3122234 Eukaryotic translation initiation factor 2 subunit beta (eIF-2-beta) (P38) 
gij 10178000 unnamed protein product [Arabidopsis thaliana]
gij2499488 Pyrophosphate—fructose 6-phosphate 1-phosphotransferase alpha subunit (PFP) (6- 
phosphofructokinase, pyrophosphate dependent) (Pyrophosphate-dependent 6-phosphofructose-1- 
kinase) (PPi-PFK)
gi| 15451608 Putative retroelement [Oryza sativa]
gi|46390712 hypothetical protein [Oryza sativa (japonica cultivar-group)]
gi| 12056448 peroxidase [Zea mays]
gi| 15234120 unknown protein [Arabidopsis thaliana]
gi|45735990 putative KH domain protein [Oryza sativa (japonica cultivar-group)] 
gij 125531901 hypothetical protein Osl_032425 [Oryza sativa (indica cultivar)
WGE: p25
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7431022 glucose and ribitol dehydrogenase homolog - barley 
113595 Aldose reductase (AR) (Aldehyde reductase) 
gi|167113 aldose reductase-related protein 
g i|l 155213 aldose reductase-related protein [Avena fatua] 
gij 108885236 Glucose and ribitol dehydrogenase homolog
gi| 125561610 hypothetical protein Osl_028290 [Oryza sativa (indica cultivar-group)] 
gi|34495244 globulin-like protein [Oryza sativa (japonica cultivar-group)] 
gi|81052037 sulfite reductase, ferredoxin dependent [Asparagus officinalis]
23194375 putative TAG factor protein [Lupinus angustifolius]
51490663 ALY protein [Nicotiana benthamiana]
2887310 TSI-1 protein [Solanum lycopersicum] 
gi| 1871526 leucine-rich-repeat protein [Helianthus annuus]
29126369 putative leucine zipper protein [Oryza sativa (japonica cultivar-group)]
19881737 Putative transposase [Oryza sativa (japonica cultivar-group)]
42573473 unknown protein [Arabidopsis thaliana]
464361 Peroxidase 2
77548276 RNA recognition m otif family protein, expressed [Oryza sativa (japonica cultivar-group)] 
56202203 hypothetical protein [Oryza sativa (japonica cultivar-group)] 
gi| 115468454 0s06g0548100 [Oryza sativa (japonica cultivar-group)]
29369626 kinesin-like protein [Oryza sativa (japonica cultivar-group)]
115479083 0s09g0407300 [Oryza sativa (japonica cultivar-group)]
733454 chlorophyll a/b-binding apoprotein CP26 precursor 
18087868 hypothetical protein [Oryza sativa]
29126354 retrotransposon protein, putative, unclassified [Oryza sativa (japonica cultivar-group)] 
125527778 hypothetical protein Osl_003739 [Oryza sativa (indica cultivar-group)]
15226197 ATP binding /  kinase/ protein serine/threonine kinase [Arabidopsis thaliana]
14532566 AT5g41810/K16L22_9 [Arabidopsis thaliana]
7327826 aldose reductase-like protein [Arabidopsis thaliana]
38347273 OSJNBa0056L23.18 [Oryza sativa (japonica cultivar-group)]
125545962 hypothetical protein Osl_013334 [Oryza sativa (indica cultivar-group)]
15451608 Putative retroelement [Oryza sativa]
92870324 Cellular retinaldehyde-binding/triple function, N-terminal [Medicago truncatula] 
54287587 hypothetical protein [Oryza sativa (japonica cultivar-group)]
115485349 O sl lg0442900 [Oryza sativa (japonica cultivar-group)]
22329268 unknown protein [Arabidopsis thaliana] 
gi| 108708252 hypothetical protein LOC_Os03g24290 [Oryza sativa (japonica cultivar-group)]
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gi|791 EF-l-alpha [Drosophila melanogaster] 
gij 1794137 D M 025 [Drosophila melanogaster]
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gi|2460293 Pur-alpha [Drosophila melanogaster]
gi| 17648095 Ubiquitin C-terminal hydrolase CG3431-PA [Drosophila melanogaster] 
gi|4883938 laminin alphal,2 [Drosophila melanogaster] 
gi|24585122 CGI 0702-PA, isoform A [Drosophila melanogaster] 
gi|356770 cytochrome c
gij 17737369 Rab-protein 10 CG17060-PA [Drosophila melanogaster] 
gij20129057 Rab35 CG9575-PA [Drosophila melanogaster] 
gij24641047 Rab9D CG32678-PA [Drosophila melanogaster] 
gij24641058 CG9807-PA [Drosophila melanogaster]
